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CHAPTER 1. GENERAL INTRODUCTION 
 
Introduction 
The Stollberg ore field (~12 Mt) occurs in the Bergslagen region of south-central 
Sweden, a polydeformed ca. 1.9 Ga igneous province dominated by bimodal felsic and mafic 
rocks metamorphosed to the amphibolite facies. The ore field is located on a regional, N-S 
trending, steeply dipping, F2 syncline (the “Stollberg syncline”). Mineralization is hosted by 
volcanic rocks and skarn, and consists of magnetite bodies and massive to semi-massive 
sphalerite-galena and pyrrhotite (with subordinate pyrite, chalcopyrite, arsenopyrite, and 
magnetite). The dominant country rock consists primarily of rhyolitic ash-siltstone that was 
hydrothermally altered and subsequently metamorphosed to form garnet-biotite, quartz-
garnet-pyroxene, gedrite-albite, cordierite-biotite, siliceous, and sericitic rocks. On the 
eastern limb of the Stollberg syncline, sulfide mineralization occurs as stratabound 
replacement of marble/skarn that grades into iron formation. Sulfides at Gränsgruvan, on the 
western limb of the syncline, are located in a silicified zone along with metamorphosed, 
altered rocks dominated by sericite and quartz-garnet-pyroxene. On the northern end of the 
syncline, ore at the Tvistbo prospect is hosted by skarn and is also spatially associated with 
quartz-garnet-pyroxene rocks, whereas quartz-fluorite altered rocks host sulfides at the 
Norrgruvan prospect.  
In the present project, studies have been done on the geology, mineralogy, and 
geochemistry of deposits in the Stollberg ore field. The purpose of these two studies is to 
expand upon previous work done by Ripa (1988, 1994, 1996, 2012), Jansson et al. (2013), 
Raat et al. (2013), and Björklund (2011) in characterizing the different ore types, based on 
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their geological setting, petrology, and mineralogy, around the Stollberg syncline; and to 
evaluate the composition of magnetite in different rock types in order to determine its 
potential as an exploration guide to additional sulfide mineralization. In particular, deposits 
on the eastern, western, and northern sides of the syncline are described using optical 
microscopy, whole rock geochemistry, and major and trace element analysis. Compositions 
of magnetite, which were analyzed via laser ablation-inductively coupled plasma-mass 
spectrometry, were also obtained from the unmineralized Staren limestone, and the Green 
Hill banded iron formation, both stratigraphically below the Stollberg ore trend. The 
information provided is intended to be used for continued exploration metallic mineralization 
in the Stollberg region, and to better understand the chemistry of magnetite in 
metamorphosed massive sulfide deposits. 
 
Thesis Organization 
 This thesis contains two journal papers that are to be submitted to Economic Geology 
and Ore Geology Reviews, respectively, and are formatted according to the style of the 
respective journal. 
 
References 
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CHAPTER 2. VARIABILITY IN THE GEOLOGICAL, MINERALOGICAL, AND 
GEOCHEMICAL CHARACTERISTICS OF BASE METAL SULFIDE DEPOSITS IN THE 
STOLLBERG ORE FIELD, BERGSLAGEN, SWEDEN 
 
A paper to be submitted to Economic Geology 
 
Katherine S. Frank,1,2 Paul G. Spry,1,3 Hein Raat,4 Rodney L. Allen,4,5 Nils F. Jansson,5 
Magnus Ripa,6 
 
Abstract 
 
The Stollberg ore field (~12 Mt) occurs in the Bergslagen region of south-central 
Sweden, a polydeformed ca. 1.9 Ga igneous province dominated by bimodal felsic and mafic 
rocks. Sulfide mineralization is hosted by metavolcanic rocks, marble, and skarn, and 
consists of massive to semi-massive polymetallic sulfides and iron oxide in a semi-regional 
F2 syncline termed the “Stollberg syncline.” The dominant country rocks are rhyolitic pumice 
breccia and rhyolitic ash-siltstone with minor mafic sills metamorphosed to the amphibolite 
                                                
1 Graduate student and Major Professor, respectively, Department of Geological and 
Atmospheric Sciences, Iowa State University, Ames, IA, 50011-3212 
2 Primary researcher and author 
3 Author for correspondence 
4 Boliden Mines, Exploration Department, SE-776 98, Garpenberg, Sweden 
5 Department of Civil, Environmental and Natural Resources Engineering, Division of 
Geosciences, Luleå University of Technology, SE-971 87 Luleå, Sweden 
6 Geological Survey of Sweden, P.O. Box 670, SE-751 28, Uppsala, Sweden 
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facies. On the eastern limb of the Stollberg syncline, sulfide mineralization occurs as 
stratabound replacement of marble/skarn that grades into iron formation spatially related to 
metamorphosed, hydrothermally altered rocks dominated by garnet-biotite and gedrite-albite. 
Although silicified rocks are generally subordinate in the Stollberg ore field, sulfides at 
Gränsgruvan, on the western limb of the syncline, are located in a silicified zone along with 
metamorphosed, altered rocks dominated by sericite and quartz-garnet-pyroxene. Although 
the Tvistbo and Norrgruvan prospects along the northern end of the syncline are small, they 
show geological characteristics that are transitional to deposits found on the western and 
eastern limbs of the syncline. Ore at Tvistbo is hosted by skarn and is also spatially 
associated with quartz-garnet-pyroxene rocks, whereas sulfides at Norrgruvan are hosted by 
quartz-fluorite altered rocks that are similar to those hosting the Brusgruvan deposit on the 
eastern limb of the syncline.  
Whole-rock analyses of variably altered host rocks in the Stollberg ore field suggest 
that most components were derived from felsic volcaniclastic rocks and that Zr, Ti, Al, Hf, 
Nb, Sc, Th, Ga, U, and rare-earth elements (REEs) were immobile during alteration. These 
rocks (including altered rocks in the stratigraphic footwall) are light REE enriched, heavy 
REE depleted, and show negative Eu anomalies, whereas sulfide-bearing rocks (Fe- and base 
metal-rich) and altered rocks in the ore zone show the same REE pattern but with positive Eu 
anomalies. Indicators of proximity to sulfides in altered rocks in the Stollberg ore field 
include positive Eu anomalies, an increase in the concentration of Pb, Sb, As, Tl, Ba, Ba/Sr 
and K2O, as well as an increase in a modified version of the Ishikawa alteration index, which 
accounts for the presence of primary Ca in an original limestone component. In addition, 
garnets enriched in either Ca or Mn are also considered to be pathfinders to ore.  
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Introduction 
The Bergslagen mining district is a Paleoproterozoic (ca. 1.91-1.89 Ga) metavolcanic (felsic-
dominated)-metasedimentary province on the Fennoscandian Shield in south-central Sweden 
(Fig. 1). It hosts thousands of mineral occurrences, including: polymetallic Zn-Pb-Ag-(Cu)-
(Au) sulfide and iron oxide deposits, Fe oxide skarn, banded iron formation, Fe-oxide apatite, 
Mn oxide, and subordinate granite-pegmatite-hosted molybdenite and W skarn deposits 
(Weihed et al., 2005; Allen et al., 2008; Stephens et al., 2009; Stephens and Weihed, 2013). 
Allen et al. (1996) recognized two end-member types of massive sulfide deposits in the 
district, with one end-member consisting of bedded, stratiform Zn-Pb-Ag rich mineralization 
hosted in rhyolitic ash-siltstone spatially associated with metamorphosed siliceous chemical 
sedimentary rocks, skarn, and marble. Intense potassic alteration occurs in the footwall of 
these deposits, the largest example of which is the Zinkgruvan deposit (40 Mt from the 
Nygruvan @ 10% Zn, 1.5% Pb, 45 g/t Ag and Knalla @ 6% Zn, 5.5% Pb and 100 g/t Ag 
orebodies; Hedström et al., 1989, Jansson et al., 2015). The other end-member deposit type is 
also stratabound and consists of stacked lenses of massive Zn-Pb-Ag-Cu sulfides, the largest 
of which are (or were) Falun (28.1 Mt @ 2-4% Cu, 4% Zn, 1.5% Pb, 13-25 g/t Ag, and ~3 g/t 
Au; Allen et al., 1996), Garpenberg (total production of 42 Mt, plus reserves and known 
mineralization amounting to 116 Mt in 2013, with proven reserves of 36 Mt at 4.6% Zn, 
1.9% Pb, 132 g/t Ag, 0.3 g/t Au; Jansson and Allen, 2014), and Sala (5 Mt @ 150- >3,000 g/t 
Ag, 12% Zn, and 1.5% Pb; Allen et al., 1996). The Garpenberg Zn-Pb-Ag-(Cu-Au) deposits 
share similarities to volcanogenic massive sulfide deposits and to the upper parts of an 
intrusion-related hydrothermal system associated with early synvolcanic granitoids 
(Zetterqvist and Christofferson, 1996; Allen et al., 2008). However, neither the spatial 
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association of skarns and limestone, nor silicified alteration associated with some orebodies 
are typically found with volcanogenic massive sulfide deposits. Although “skarn” is typically 
associated with igneous intrusions, we use the term skarn here for stratabound or stratiform 
calc-silicate rocks dominated by clinopyroxene, garnet, and/or clinoamphibole (Jansson et 
al., 2013).  
The Stollberg ore field (~12 Mt) is located 50 km W of Garpenberg. It has been 
mined since the 14th century and has yielded 6.65 Mt of Fe, Zn, and Pb. It contains deposits 
that resemble those at Garpenberg in that: 1. The deposits formed in an intra-caldera setting; 
2. The sulfide deposits formed mainly as a consequence of syn-volcanic carbonate-
replacement; and 3. Both deposits have strongly asymmetric alteration envelopes with weak 
and strong alteration of the stratigraphic hanging wall and footwall, respectively (Ripa, 1996; 
Jansson et al., 2015). Stollberg does, however, differ from Garpenberg in the higher content 
of directly associated Fe oxide mineralization (Jansson, 2011). The Stollberg deposits are 
hosted in a semi-regional F2 syncline (herein referred to as the “Stollberg syncline”), which 
hosts several deposits consisting of semi-massive to massive base metal sulfides (sphalerite 
and galena, with subordinate pyrite, pyrrhotite, chalcopyrite, arsenopyrite, and magnetite), 
and magnetite bodies spatially related to skarn and altered carbonate rocks interbedded with 
rhyolite in a sequence of Svecofennian (1.91 to 1.89 Ga) bimodal felsic and mafic 
metavolcanic rocks. The Stollberg deposits have been the focus of several studies concerning 
ore genesis, stratigraphic relationships, metamorphic conditions, and hydrothermal alteration 
(Geijer and Magnusson, 1944; Arvanitidis and Rickard, 1981; Selinus, 1982, 1983; Ripa, 
1988, 1994, 1996, 2012; Beetsma, 1992; Jansson, 2011; Jansson et al., 2013; Raat et al., 
2013). Jansson et al. (2013) identified two stratigraphic successions, the basal Staren 
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Succession and the overlying Stollberg Succession that are separated by rhyolite, with base 
metal sulfides occurring in the latter succession. Jansson et al. (2013), Lundstam et al. 
(2013), and Raat et al. (2013) recently proposed that the Stollberg ore trend sits on the 
eastern limb of the steeply dipping Stollberg syncline, with the Gränsgruvan deposit 
occurring on the western limb. This implies that the Stollberg ore trend extends intermittently 
for almost 15 km and that it incorporates more than a dozen deposits, including the 
Norrgruvan and Tvistbo prospects, which occur around the northern end of the Stollberg 
syncline. In part, using the > 2000 bulk rock chemical data of Selinus (1982, 1983), Ripa 
(2012) recognized a variety of different altered rock types and a base metal zonation in the 
district consisting of pyrrhotite ± sphalerite, pyrrhotite ± sphalerite ± galena ± magnetite, and 
sphalerite-galena mineralization, with proximal skarns being enriched in As, Co, S, Y, and 
Zn (with high Zn/Pb ratios), and distal skarns containing elevated amounts of Mg, Mn, Cu, 
and S. 
Models for the formation of the deposits in the Stollberg ore field include: sulfides 
being introduced epigenetically and overprinting syngenetic exhalative iron formation (e.g., 
Tenengren, 1924; Geijer and Magnusson, 1944; Magnusson, 1970); sulfides and iron 
formation were syngenetic and exhalative (e.g., Arvanitidis and Rickard, 1981; Freitsch, 
1982); and sulfide formation during post-peak metamorphism (Beetsma, 1992). Ripa (1988, 
2012) and Jansson et al. (2011, 2013) regarded the iron oxide to be exhalative, with the 
sulfide mineralization forming as a syn-volcanic, seafloor hydrothermal system that was 
partly exhalative (iron oxide) and partly carbonate-replacive (sulfides + more iron oxides) 
below the sea floor. As part of a general review of Broken Hill-type deposits, Beeson (1990) 
considered the Dammberget deposit to be of the Broken Hill-type, based on the presence of 
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an oxidized stratigraphic setting, its Proterozoic age, the upper amphibolite metamorphic 
facies, a regional Na alteration stratigraphically below the deposit, and spessartine-bearing 
rocks associated with sulfides and surrounding rocks.  
Various types of geochemical and mineralogical indicators have long been used as 
vectors to ore. In the case of VMS deposits, Large et al. (2001b), for example, reported on 
the use of Fe/Mg ratios of chlorite, the Na/(Na + K) ratios of phengite, the Mn content of 
dolomite, the presence of Tl and Sb halos, stable isotope (S and O) ratios, and Ba/Sr ratio, as 
well as the alteration and chlorite-carbonate-pyrite indices as exploration guides. For 
metamorphosed massive sulfide deposits, including VMS deposits, guides to ore include: the 
presence of diagnostic minerals (e.g., gahnite and zincian staurolite), zonation patterns of 
members of the system Ca-Ti-Fe-S-O (i.e., ilmenite, rutile, titanite, pyrite, pyrrhotite, 
magnetite, hematite), the major element composition of ferromagnesian silicates (e.g., biotite, 
garnet, chlorite) with proximity to ore, exhalative units (e.g., iron formation, quartz garnetite, 
tourmalinite), and the presence of rock types enhanced with aluminous minerals (e.g., 
stratabound nodular sillimanite rocks; e.g., Carpenter and Allard, 1982; Spry, 2000; Spry et 
al., 2000; Corriveau and Spry, 2014). Ratios of major element compositions have been used 
in the past as indicators of proximity to metamorphosed massive sulfide deposits (e.g., 
Nesbitt and Kelly, 1980; Nesbitt, 1982; 1986a, b; Bryndzia and Scott, 1987; Spry, 2000) or to 
characterize the compositions of silicates found as gangue minerals in such deposits (e.g., 
Heimann et al., 2009, 2011). Where possible, the composition of these silicates (e.g., 
Fe/(Fe+Mg), Mn/(Mn+Ca+Mg+Fe) and Ca/(Mn+Ca+Mg+Fe) of garnet) is compared with 
their respective compositions in relatively unaltered rock types.  
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Given the large size of the nearby Garpenberg deposit and because of similarities 
between the geological setting, mineralogy, and altered rock types associated with the 
sulfides in the Garpenberg and Stollberg districts, as well as the approximate dimensions of 
the mineralized areas around large-scale folds in both districts, the focus of the present study 
is to reevaluate the geology, mineralogy, and chemistry of alteration around the Stollberg 
syncline. Recent geological, geochemical, and mineralogical studies of the Stollberg ore field 
focused on mineralization on the east limb of the Stollberg syncline (e.g., Ripa, 2012; 
Jansson et al., 2013). The current contribution complements these studies by evaluating 
mineralization at Gränsgruvan, Tvistbo, and Norrgruvan, which occur on the western limb 
and close to the hinge of the syncline, and have been the subject of only limited studies (e.g., 
Björklund, 2011; Raat et al., 2013). The aims of this paper are to: 1. Compare mineralization 
and alteration styles among deposits around the Stollberg syncline; 2. Evaluate the usefulness 
of bulk rock geochemistry and trace element data as vectors to ore; and 3. Compare these 
deposits with the ore bodies of the giant Garpenberg deposit. 
 
Regional Geology 
 The Bergslagen region is composed largely of supracrustal volcanic and 
metasedimentary rocks, along with pre- to post-tectonic intrusive rocks (e.g., Allen et al., 
1996).  Stephens et al. (2009) showed that magmatic rocks in the Bergslagen district vary in 
age from 1.91 to 1.75 Ga, with pre-tectonic intrusive rocks consisting primarily of 1.90-1.87 
Ga granite, tonalite, diorite, and gabbro, the so-called granitoid-dioritoid-gabbroid series 
(e.g., Lundström, 1987; Stephens et al., 2009). Other intrusive rocks include the 1.88-1.76 Ga 
granite-syentoid-dioritoid-gabbroid rocks of Allen et al. (2008), metadolerite, alkaline 
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intrusive rocks, and a 1.85-1.75 Ga granite-pegmatite suite. Although the volcanic rocks 
exhibit rhyolitic, dacitic, andesitic, and basaltic compositions, Lagerblad (1988) and Allen et 
al. (1996) showed that the largely bimodal rhyolite-basalt rocks were dominated by rhyolitic 
volcanic and pyroclastic material. They further showed that these felsic rocks were sourced 
from numerous caldera volcanoes in a shallow marine to subaerial back-arc basin 
environment, and that meta-sedimentary rocks consist of metagreywacke, meta-argillites, 
feldspathic metasandstone, carbonates, and quartzite. Carbonate units, which extend 
intermittently for tens of kilometers and were variably metamorphosed to marble and various 
skarn assemblages, formed from stromatolite growth between eruptions (Allen et al., 2003). 
Where present, sulfide mineralization is commonly associated with these carbonate units.  
 A summary of the proposed paleotectonic models for the Bergslagen area is given in 
Beunk and Kuipers (2012) and Stephens and Weihed (2013), and is not repeated here. 
However, the recent general consensus (see Weihed et al., 2005; Stephens et al., 2009) 
supports the model proposed by Allen et al. (1996) for Bergslagen to have formed in an intra-
continental extensional or continental margin back-arc region developed on continental crust. 
Regional metamorphism associated with the Svecokarelian orogeny (1.86±14 Ga; Stephens 
et al., 2009) reached the amphibolite facies over most of the district with greenschist facies 
rocks being preserved in western Bergslagen, and granulite facies rocks occurring in the 
southeastern and southwestern parts (Andersson et al., 1992; Wilkström and Larsson, 1993; 
Stephen et al., 2007, 2009). Stephens and Weihed (2013) divided the Bergslagen district into 
four metamorphic domains: northern migmatitic, central low-grade, central medium-grade 
(upper greenschist-amphibolite facies), and southern migmatitic (amphibolite-granulite 
facies).  
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Beunk and Kuipers (2012) considered the Bergslagen region to be an accreted 
orocline that was subjected to four main phases of deformation: D1 - continental rifting; D2 - 
rift closure associated with the formation of isoclinal folds; D3 - renewed rifting; and D4 - 
conjugate retrogressive shear formation and the development of vertical drag folds. Note that 
the terminology of Stephens et al. (2009) and Beunk and Kuipers (2012) differ in that the D2 
of Beunk and Kuipers corresponds with D1 of Stephens et al. (2009). Beunk and Kuipers 
(2012) considered that the base metal sulfide deposits (including those at Garpenberg and 
Stollberg) in western Garpenberg are predominantly associated with their D4 shear zones, 
which remobilized some orebodies, and corresponds to the D2 terminology of Allen et al. 
(2008) and Stephens et al. (2009).  
 
Sampling and Analytical Methods 
 Samples were collected from drill core from the Gränsgruvan, Dammberget, Tvistbo, 
Norrgruvan, Stollmalmen, Baklängan, and Cedercreutz deposits, and from surface outcrops 
from the Lustigkulla, Stollmalmen, and Dammberget deposits (Fig. 2). Bulk-rock 
geochemical samples were prepared by ALS Chemex in Sweden (crushed to < 10 mm and 
milled to 90% less than 200 mesh) and then analyzed for major and trace elements at Acme 
Laboratories in Vancouver, Canada. Major elements (SiO2, Al2O3, Fe2O3, MgO, CaO, Na2O, 
K2O, TiO2, P2O5, MnO, Cr2O3) of 113 whole-rock samples were determined by LiBO2 fusion 
and ICP-AES techniques. The complete whole-rock geochemical data set is available upon 
request. Loss on ignition was obtained by weight difference following roasting at 1,000°C. 
Total carbon and sulfur were measured by Leco analysis, and rare earth element (La, Ce, Pr, 
Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu) and Ba concentrations were obtained by 
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LiBO2 fusion and analyzed by ICP-MS techniques. Base metal and precious metal contents 
were ascertained by dissolving the sample in aqua regia and analyzing with an ICP-MS. 
Acme’s standards are accurate to within 2% for major elements and 5 ppm for trace 
elements. Most bulk-rock analyses were derived from samples from drill holes GGR 125 (n = 
11) and GGR 137 (n = 38) at Gränsgruvan, and drill hole SSF 26 (n = 31) at Dammberget. 
These analyses were selected to complement previous lithogeochemical studies of the 
Gränsgruvan deposit by Björklund (2011), who obtained whole-rock data from drill holes 
GGR 125 (n = 49), GGR 126 (n = 6), and GGR 127 (n = 4), and unpublished data of Boldien 
Mineral AB from drill holes GGR 137 (n = 7), GGR 138 (n = 19), GGR 139 (n = 15), GGR 
140 (n = 6), GGR 141 (n = 2), GGR 142 (n = 4), and GGR 143 (n = 2). These two 
complementary data sets were analyzed using the same protocol for the whole-rock data 
obtained herein. 
A total of 340 polished-thin and 158 polished sections were examined with an 
Olympus BX-60 dual reflected-transmitted light microscope. Electron microprobe 
microanalyses of garnet, pyroxene, amphibole, and biotite were obtained at the University of 
Minnesota using a JEOL 8900 electron probe microanalyzer at an accelerating voltage of 15 
kV and a beam current of 20 nA. Mineral standards included gahnite (Zn, Al), hornblende 
(Ca, Mg, Ti), almandine (Si, Al, Fe), and ilmenite (Fe, Ti). The compositions of minerals are 
reported in terms of end-member components in mole %. In the case of garnet, for example, 
the composition is given in terms of the almandine (Alm), spessartine (Sps), andradite (Adr), 
and grossular (Grs) components using the following format: Alm40–50Sps10–20Grs10-20Adr5–15. 
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Local Geology 
 Base metal and magnetite mineralization is associated with metamorphosed bimodal 
felsic (dominated by rhyolitic ash-siltstone) and mafic rocks around the Stollberg syncline. 
Intrusive rocks include various granitoids along the eastern and western margins of the 
district, amphibolite, feldspar-porphyritic metarhyolite, and post-Svecokarelian dolerite 
dikes. 
The stratigraphically deepest known part of the metamorphosed supracrustal 
succession on the eastern limb of the Stollberg syncline comprises a succession of thick 
massive quartz-feldspar-phyric rhyolitic sandstone and magnetite-bearing skarns. This unit is 
stratigraphically overlain by the Staren limestone, which is a white-orange colored, coarse-
grained calcite marble. Local alteration to skarn is observed, as are interbeds of rhyolitic silt-
sandstone. The Staren limestone is overlain by rhyolitic and limestone breccias, 
conglomerates, and interbedded limestone, which are described in detail by Jansson et al. 
(2013). 
 The lowermost part of the stratigraphic footwall of the Stollberg succession on the 
eastern limb of the Stollberg syncline is an approximately 500-m-thick unit of 
feldspar+quartz phyric rhyolitic pumice breccia-sandstone that is weakly to strongly altered 
(Fig. 3). Above this unit is 20 to 30 m of strongly altered planar-bedded rhyolitic silt-
sandstones with magnetite-rich laminae. These rocks grade stratigraphically upward into 
skarn and marble interbedded with hydrothermally altered and metamorphosed felsic 
volcaniclastic rocks, which together comprise the unit referred to as the Stollberg limestone. 
Like most of the Stollberg succession, the Stollberg limestone was hydrothermally altered, 
especially near mineralization. The least altered parts of this unit consist of dolomitic and 
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Mn-rich marble, as well as interbeds of rhyolitic siltstone. The hanging wall of the Stollberg 
ore trend consists of a 700 m thick planar-bedded rhyolitic silt-sandstone with localized 
narrow beds of pumice and lithic breccia that extends to the center of the syncline (Jansson et 
al., 2013; Raat et al., 2013). In the core of the syncline is a narrow belt of metapelite and 
metagreywacke (Fig. 2). 
Details of the lithologies and the stratigraphic setting of the Stollberg deposits are 
given by Ripa (2012) and Jansson et al. (2013). However, it is noted here that the 
stratigraphic setting on the western side of the syncline at the Gränsgruvan deposit, as well as 
where the Stollberg limestone wraps around the northern closure of the Stollberg syncline 
near the Tvistbo and Norrgruvan prospects, is broadly similar to the stratigraphy described by 
Jansson et al. (2013) for the sequence of rocks on the eastern side of the syncline. Björklund 
(2011) noted that the lowermost part of the Stollberg succession at Gränsgruvan is composed 
of rhyolitic ignimbrite with pumice fiamme. Overlying the ignimbrite is a thin limestone bed, 
followed by a rhyolitic silt-sandstone bed. The ore zone at depth is spatially associated with 
silicified and sericitized rocks (Fig. 4) but occurs in contact with limestone at shallow levels. 
An unmineralized limestone occurs about 150 m above the ore horizon and is overlain by 
variably altered ash-siltstone and rhyolitic ignimbrite with pumice fiamme. The most 
common rock type in the Stollberg succession is rhyolitic ash-siltstone, which typically 
contains subhedral to equigranular quartz, weakly aligned biotite, and muscovite, although 
coarser pumiceous and crystalline rhyolitic rocks are also present (Fig. 5A, B). Chlorite, 
feldspar (orthoclase, microcline, plagioclase), garnet (Alm69-87Pyr3-16Grs1-15Sps0-15And0-2), 
amphibole, pyrite, and pyrrhotite are locally present.  
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Mafic sills are interspersed throughout the stratigraphic sequence at Gränsgruvan with 
the two largest being an 80 m wide sill below sulfide mineralization and another, up to 40 m 
wide, above the ore zone. The hanging wall sill contains fine-grained plagioclase, 
magnesiohornblende, actinolite, and ilmenite, whereas that in the footwall contains coarser 
plagioclase, iron-rich hornblende, and magnetite. In addition, the hanging wall sill is more 
enriched in MgO (by about 7 wt. %) than the footwall sill. Phlogopite-rich zones (phlogopite, 
sericite, and microcline) occur on the margins of the sills and are likely the products of 
hydrothermal alteration and subsequent metamorphism.  
The Stollberg syncline is a regional N-S trending, steeply dipping, F2 fold. Although 
F1 folds were not observed here in the Stollberg area, the presence of a prominent S1 
schistosity sub-parallel to bedding (S0) indicates that F1 folds are tight or isoclinal. Garnet 
overgrowths on S1, deformed bands of garnet alternating with quartz-biotite layers, and the 
localization of fibrolitic sillimanite in the pressure shadows of garnet led Jansson et al. (2011, 
2013) to suggest that D1 and peak metamorphism outlasted S1. This observation was 
reinforced by Ripa (2012) who surmised that gedrite-garnet and andalusite-gahnite-
cordierite-staurolite-clinopyroxene-potassium feldspar associations spatially associated with 
mineralization also formed after the development of S1. The second schistosity (S2) resulted 
from F2 folding along steep south-plunging axes (Ripa, 1996, 2012; Jansson et al., 2013). In 
places, gedrite grew across S2 (Ripa, 2012). The third deformation (D3) is characterized by 
brittle NE- and minor NW-trending faults and shears. Beetsma (1992) suggested amphibolite 
facies peak metamorphic conditions of 560-600˚C and 2-3.5 kbar. This is consistent with 
conditions estimated by Björklund (2011) and Jansson et al. (2013) based on the presence of 
both andalusite and sillimanite in various rocks. 
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Mineral Deposits 
Selinus (1983) identified three types of ore on the eastern limb of the Stollberg 
syncline: 1. Iron ore, containing mostly magnetite, with approximately 20-50% Fe with 
variable amounts of galena, sphalerite, and pyrrhotite; 2. Sulfide ores in marble consisting of 
disseminated to semi-massive sphalerite and galena with pyrrhotite, chalcopyrite, pyrite, 
magnetite, and arsenopyrite; and 3. Supergene-enriched Mn-bearing limonite-magnetite ore. 
Massive bodies of magnetite occur at Stollmalmen and Cedercruetz, whereas semi-massive 
iron formation is present at Marnäs (Jansson et al., 2013). Marble also contains 
disseminations or local veins of magnetite. The eastern limb deposits, which Jansson et al. 
(2013) referred to as the “Stollberg-Svartberg” trend are hosted by the Stollberg limestone 
and altered rhyolite, the latter of which extends into the stratigraphic footwall. An extensive 
zone of gedrite-albite altered rock occurs in the deeper part of the footwall to the deposits in 
the middle of the Stollberg-Svartberg trend (Dammberget, Stollberg, Baklängan, and 
Korrgruvan-Myggruvan) deposits, but does not extend beneath deposits at the northern 
(Lustigkulla and Marnäs) and southern (Brusgruvan) end of the trend (Table 1). 
 The Brusgruvan deposit differs from other deposits along the Stollberg-Svartberg 
trend in that sulfide mineralization is composed of a vein network of galena + fluorite ± 
pyrite with minor sphalerite and galena veinlets within a silicified host rock, and because it 
has a high pyrite to pyrrhotite ratio (Jansson et al., 2013). Skarn, although present at 
Brusgruvan, is not spatially associated with sulfides. Selinus (1982) and Jansson et al. (2013) 
proposed that the Brusgruvan deposit is not located in the same stratigraphic position as the 
other deposits on the Stollberg-Svartberg trend but occurs stratigraphically above the 
Stollberg limestone, which generally overlies or hosts sulfides elsewhere in the trend. 
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 For sulfide deposits on the eastern side of the Stollberg syncline, Ripa (2012) noted 
that ore contains the following assemblages: biotite-garnet ± gahnite ± sillimanite; 
amphibole-garnet ± andalusite ± staurolite ± cordierite ± biotite ± gahnite; and olivine ± 
pyroxene ± garnet ± carbonate. These assemblages are associated with pyrrhotite ± 
sphalerite, pyrrhotite ± sphalerite ± galena ± magnetite, and sphalerite-galena mineralization, 
respectively. Ripa (2012) reported that this constituted a mineral zonation, which was related 
to a change in lithology with sphalerite and galena occurring in meta-limestone, and 
chalcopyrite and pyrrhotite in metarhyolite. 
 At Dammberget, the stratigraphically uppermost sulfide-bearing zone is skarn-hosted 
and is composed primarily of calcite, grunerite, actinolite, ferropargasite/hastingsite, 
clinopyroxene, and garnet. Calcite is anhedral and contains inclusions of sphalerite and 
pyrite, whereas the clinopyroxene is fractured and, in places, altered to chlorite and sericite. 
Ripa (1988) described the mineralized zone on the eastern side of the syncline as a layered 
sequence of green and red Mn-skarn with skarn-altered metarhyolite. In addition to the 
garnet, calcite, and amphiboles noted above, Ripa observed gedrite, hornblende, diopside, 
epidote, gahnite, cordierite, and staurolite, with rare fluorite. Serpentine was also observed as 
an alteration product of olivine. Although garnet-biotite rocks are present in both the hanging 
wall and footwall of the deposit, they are more extensive in the hanging wall. Semi-massive 
sulfides occur in garnet-biotite rock stratigraphically below the carbonate horizon and consist 
of galena, sphalerite, and pyrrhotite, and lesser pyrite and chalcopyrite. Garnet in altered 
rocks is coarse grained and tends to be almandine-rich, but shows some compositional 
variability: Alm45-86Pyr2-9Grs7-23Sps0-30And0-2 (Fig. 6). Biotite is weakly aligned and 
aluminum-poor (Fig. 7), whereas amphiboles (ferroactinolite, hastingsite, and grunerite) 
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consist of coarse, radiating grains (Fig. 8). Fluorite and gahnite are present locally, whereas 
quartz and chlorite are rare.  
 Sulfide mineralization and associated metamorphosed altered rocks on the western 
side of the Stollberg syncline at Gränsgruvan are also zoned over a vertical extent of 600 m. 
For example, as shown in drill hole GGR 125, these altered rocks are, from stratigraphic base 
to top: garnet-biotite, sericitized, skarn, silicified, quartz-garnet-pyroxene, and cordierite-
biotite. The stratigraphically higher ore zone is composed of stringers and semi-massive 
lenses of sphalerite and galena with pyrite along the contact between quartz-garnet-pyroxene 
and silicified rocks (Fig. 5C, D). Quartz-garnet-pyroxene rock, which is composed primarily 
of diopside/hedenbergite, quartz, garnet, and biotite, with minor calcite and microcline, is 
similar to skarn but contains considerably more quartz. Garnet (Alm0-25Pyr1-5Grs31-64Sps23-
40And0-16) is corroded, locally fractured, and contains inclusions of quartz, calcite, and 
sulfides.  
 Sphalerite-galena-pyrite mineralization grades into a zone of pyrite-pyrrhotite± 
chalcopyrite mineralization within metamorphosed sericitized and silicified rocks, with pyrite 
being more abundant than pyrrhotite. Sericitized rock is composed of quartz, microcline, 
biotite, and clusters of sericite, with locally abundant magnetite, muscovite, and corroded and 
poikilitic garnet. Sericitization grades into zones of silicification, which is composed of 
equigranular, subhedral quartz, moderate to well-aligned biotite, along with equigranular, 
subhedral sulfide-bearing microcline and plagioclase. Layers of marble/skarn occur 
approximately 140 m stratigraphically above and below the sulfide horizons at Gränsgruvan 
(Fig. 4). At depth, the marble locally contains porphyroblastic magnetite with no sulfides, 
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whereas at shallow depths within the old mine workings sulfides occur on the contact 
between skarn and quartz-garnet-pyroxene rock. 
 According to http://www.kopparbergmineral.se/en/portfolio/, zinc-lead-silver 
mineralization with local patches of copper at the Tvistbo prospect, near the northern end of 
the Stollberg syncline, extend for 200 m along strike in a zone up to 55 m wide, and to a 
depth of at least 180 m.  The indicated mineral resource, which dips at ~80˚ to the west, is 
approximately 575,000 t of 3.3% Zn, 2.6% Pb, and 22 g/t Ag, with inferred resources of 
280,000 t of 3% Zn, 2.5%, Pb and 20 g/t Ag. One drill core, TVI07014, intersected 6.4 m of 
14.9% Zn, 2.9% Pb, and 97 g/t Ag 
(http://www.kopparbergmineral.se/sv/pdf/projekt/tvistbo/Tvistbo_langdsektion_080131.JPG)
. Ore at Tvistbo consists of sphalerite, galena, and magnetite with lesser amounts of 
pyrrhotite, chalcopyrite, and pyrite in skarn-like rock that resembles the quartz-garnet-
pyroxene rock at Gränsgruvan (Fig. 9A, B). Calcite, garnet (Alm20-51Pyr0-3Grs6-23Sps26-
69And0-1), diopside, actinolite, ferroactinolite, and minor biotite are present as gangue 
minerals. Although not extensive, silicified and sericitized rocks occur in the footwall of the 
Tvistbo deposit, but do not contain sulfides. Garnet-biotite rock is present in the hanging wall 
of the massive sulfide lens and contains minor (< 2 vol %) pyrite and sphalerite. Neither 
pyrite nor pyrrhotite is very abundant at Tvistbo, but pyrrhotite is generally more common. 
 Norrgruvan occurs along strike, approximately 2 km south of Tvistbo, in a prominent 
marble horizon. Recent exploration by Copperstone Resources (formerly Kopperberg 
Mineral) shows that sulfides occur to a depth of ~100 m in a zone ~200 m long and 5 m wide 
(http://www.kopparbergmineral.se/en/portfolio/). Mineralization consists primarily of 
disseminated sphalerite with galena and pyrite in a fine-grained matrix of microcline, quartz, 
21 
 
and fluorite (Fig. 5E, F). Secondary chlorite is locally associated with sulfides. Garnet-biotite 
rock occurs in the stratigraphic footwall of the mineralization, although, as at Tvistbo, it is 
not spatially associated with sulfides (Fig. 9C, D). Skarn-like rock containing fine-grained 
rounded quartz, coarse blocky grains of diopside/hedenbergite, clusters of tremolite, and 
fractured garnet along with magnetite is present. Silicified rock occurs in the stratigraphic 
hanging wall and is also not associated with sulfides. A rock composed of the assemblage 
quartz-epidote-garnet is locally present stratigraphically below sulfides. Sericitized rocks 
host minor disseminated sphalerite and pyrite in drill hole DBH 86006. 
 
Mineralogy of Metamorphosed Altered Rocks 
 Metamorphosed altered rock types, using the nomenclature of Björklund (2011) and 
Raat et al. (2013), include: quartz-fluorite (Fig. 5E, F), quartz-garnet-pyroxene (Fig. 5G, H), 
skarn (Fig. 5I, J), garnet-biotite (Fig. 5K, L), gedrite-albite (Fig. 5M, N), cordierite-biotite 
(Fig. 5O, P), and silicification (Fig. 5Q, R). The compositions of garnet, biotite, amphibole, 
and pyroxene within these alteration types are shown in Figures 6-8, and 10, respectively, 
with representative compositions of garnet, amphibole, and other minerals given in Tables 2, 
3, and 4, respectively. Average whole rock compositions for major alteration types are given 
in Tables 5 and 6. 
 
Quartz-garnet-pyroxene  
 This rock occurs in the Gränsgruvan and Tvistbo deposits, where it hosts sulfide 
mineralization (Fig. 4). At Gränsgruvan, the zone of quartz-garnet-pyroxene rock is at least 
120 m wide and is composed primarily of quartz, garnet, and diopside/hedenbergite (Fig. 5G, 
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H), with lesser amounts of biotite, microcline, tremolite, and calcite. At Tvistbo, it is up to 50 
m wide and contains more quartz and calcite and less garnet, tremolite, and 
diopside/hedenbergite than at Gränsgruvan. Garnet is fractured and corroded, and exhibits a 
wide range of compositions: Alm1-54Pyr1-8Grs8-69Sps14-62And0-17 at Gränsgruvan, and Alm11-
63Pyr0-8Grs4-52Sps15-76And0-10 at Tvistbo (Fig. 6). Most grains lack compositional zoning, 
though some have a small increase in MnO (2-3 wt %) from rim to core. Pyroxene was 
moderately to strongly altered to chlorite, sericite, and actinolite. Quartz-garnet-pyroxene 
rocks contain the most diverse array of amphiboles of any altered rock type (Fig. 8), with 
actinolite, magnesiohornblende, ferroactinolite, ferrohornblende, ferrotschermakite, and 
ferropargasite/hastingsite occurring at Gränsgruvan; and actinolite, ferrotschermakite, 
ferroedenite, and ferropargasite/hastingsite occurring at Tvistbo. Biotite from Gränsgruvan 
has an intermediate composition with regards to Mg and Fe, but contains more Al than Mg-
rich phlogopite from Tvistbo. The metallic minerals in quartz-garnet-pyroxene altered rocks 
at Gränsgruvan consist mostly of sphalerite with galena and pyrite, whereas those at Tvistbo 
consist of galena, sphalerite, and magnetite, with minor pyrrhotite, pyrite, and chalcopyrite. 
 
Skarn 
 Sulfide mineralization is spatially associated with skarn along the Stollberg-Svartberg 
trend and at Tvistbo (Fig. 5I, J). The mineralogical distinction between quartz-pyroxene-
garnet rock and skarn is based on the presence or absence of a significant amount of quartz 
(i.e., in the case of quartz-pyroxene-garnet rock, quartz is a dominant mineral, whereas in 
skarn, if quartz is present at all, it is a minor constituent). Jansson et al. (2013) showed that 
skarn in the ore zone is a reaction skarn composed of hybrid precursors that contain a 
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variable proportion of interbedded carbonate, iron oxides, and variably altered fine-grained 
rhyolitic ash. Thus, the precursor of Al-poor skarns (enriched in clinopyroxene) contained a 
high proportion of limestone ± iron oxides, whereas the precursor of Al-rich skarns (enriched 
in amphibole and locally garnet) contained a high proportion of altered rhyolite. At 
Dammberget, skarn is composed of calcite, amphibole (actinolite, ferropargasite/hastingsite, 
anthophyllite), pyroxene (diopside/hedenbergite), garnet, quartz, muscovite, biotite, chlorite, 
knebelite, ilmenite, and talc, with gahnite and fluorite observed locally. Pyroxene was 
partially altered to chlorite, sericite, and actinolite, with quartz occurring as cross-cutting 
veins.  
 Skarn occurs in the hanging wall and footwall of sulfide mineralization at 
Gränsgruvan, but does not contain sulfides. In the hanging wall, skarn is up to 30 m thick and 
is likely correlative with that hosting sulfide along the Stollberg-Svartberg trend (Raat et al., 
2013). At Gränsgruvan, skarn is locally composed of calcite with diopside/hedenbergite, 
tremolite, actinolite, and magnesiohornblende, similar to Dammberget, but in most areas it 
consists of calcite, quartz, and microcline, with corroded and poikilitic garnet (Alm12-55Pyr1-
8Grs9-58Sps19-42And0-10), tremolite, actinolite, and diopside/hedenbergite, and rare biotite. 
 Skarn at Tvistbo occurs adjacent to the ore zone and is similar to that at Dammberget 
in that it is composed primarily of coarse calcite with garnet (Alm0-40Pyr0-33Grs0-50Sps34-
87And0-8), quartz, diopside/hedenbergite, actinolite, and ferroactinolite. Diopside and 
hedenbergite are corroded and poikilitic, containing inclusions of calcite and clinoamphibole. 
Some samples are mineralogically similar to skarn from Gränsgruvan, containing greater 
proportions of quartz and microcline relative to calcite. These samples also contain locally 
abundant magnesiohornblende. 
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 Skarn does not occur at Norrgruvan, but a skarn-like rock composed of calcite, 
quartz, microcline, and tremolite, with locally abundant sericite, diopside/hedenbergite, 
garnet, and hornblende is present. Rare clinozoisite and magnetite also occur. Pyroxene is 
coarse-grained and was partially altered to chlorite, sericite, and actinolite.  
 
Garnet-biotite 
 This rock type occurs in both the stratigraphic hanging wall and footwall of sulfides 
along the Stollberg-Svartberg ore trend (Fig. 5K, L). The entire footwall down to the contact 
with gedrite-albite rock is potassic altered and contains only minor or no Na. This potassic 
altered rock is also enriched in Fe and Mg and exhibits a variable mineralogy. In places, this 
rock is dominated by biotite with only minor porphyroblasts of garnet. However, at 
Dammberget, where it is up to 70 m wide in the hanging wall and narrower in the footwall 
(locally 10 m wide), it consists of biotite, Fe-rich garnet Alm58-88Pyr2-17Grs1-21Sps0-21And0-2, 
quartz, fibrolite, and muscovite. Fluorite, grunerite, and gahnite occur in minor amounts. 
Biotite was partially altered to chlorite and commonly surrounded by muscovite.  
 At Gränsgruvan, garnet-biotite rock is > 20 m thick in the hanging wall and ~10 m 
thick in the footwall of sulfide mineralization. It is composed of garnet (Alm59-70Pyr6-21Grs4-
17Sps7-18And0-3), biotite, and quartz, with locally abundant sericite, grunerite, and 
ferrotschermakite. Poikilitic garnet is fractured, locally altered to chlorite and sericite, and 
contains inclusions of quartz and grunerite.  
 Garnet-biotite rock in the hanging wall of the Tvistbo prospect is approximately 30 m 
wide and composed almost entirely of coarse, poikilitic garnet (Alm24-34Pyr0-2Grs7-16Sps50-
68And0-1), biotite, and fine-grained microcline, grunerite, and ferrohornblende. Garnet 
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contains inclusions of calcite, biotite, and sericite, and is the most manganese-rich garnet in 
garnet-biotite rock in the Stollberg district. Garnet-biotite rock at Tvistbo is unusual in that it 
contains no quartz. At Norrgruvan, this rock type is composed of garnet, biotite, quartz, 
muscovite, fibrolite, cordierite, microcline, and secondary chlorite and sericite. 
 
Gedrite-albite 
 This rock type occurs over a strike length of ~4 km in the stratigraphic footwall of 
deposits along the Stollberg-Svartberg trend (Fig. 5M, N) and locally in the hanging wall. It 
is composed of fine-grained quartz, acicular to radiating ferrogedrite, plagioclase, and rare 
cordierite and epidote. Biotite is spatially associated with ferrogedrite and, like almandine 
garnet (Alm86-91Pyr5-12Grs1-3Sps0-3), is more abundant with proximity to sulfide 
mineralization.  
 
Cordierite-biotite 
 Cordierite-biotite rocks extend for approximately 200 m into the stratigraphic hanging 
wall of the Gränsgruvan deposit and locally above the Stollmalmen deposit (Fig. 5O, P). 
Quartz in these rocks is fine-grained, equigranular, and subhedral, whereas biotite is Mg-rich 
(Fig. 7), and cross-cut by later formed muscovite. Poikiloblastic cordierite contains 
inclusions of quartz and is pinitized. Fibrolite is also locally present. 
 
Silicified rock 
 Silicified rocks are spatially associated with sulfides at Gränsgruvan and Tvistbo, and 
occur only locally on the eastern limb of the Stollberg syncline (Fig. 5Q, R). They are 
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composed of equigranular, subhedral quartz, moderate to well-aligned biotite, and 
equigranular, subhedral microcline and plagioclase. Diopside and augite occur locally. 
Metallic minerals include pyrite, pyrrhotite, and chalcopyrite.  
 
Sericitized rock 
 Sericitized rocks occur at Gränsgruvan, although they are also present at Tvistbo. At 
Gränsgruvan, they occur in a zone up to 160 m wide in the footwall of the deposit, adjacent 
to a zone of silicification up to 75 m wide. This rock is composed primarily of quartz, 
microcline, and sericite, with lesser amounts of garnet (Alm26-80Pyr2-9Grs1-29Sps11-43And0-2), 
biotite, muscovite, actinolite, magnesiohornblende, and ferrotschermakite. Sericite occurs in 
fine-grained clusters, whereas amphibole is locally corroded and altered to sericite. At 
Tvistbo, this altered rock type consists of sericite, quartz, microcline, poikilitic garnet Alm45-
60Pyr3-4Grs9-20Sps27-32And0-1, chlorite, and muscovite, and is locally crosscut by veinlets of 
calcite crosscut.  
 
Quartz-fluorite  
  This altered rock type occurs at the Norrgruvan prospect where it is composed of 
equigranular microcline and quartz and moderately aligned biotite and muscovite, along with 
corroded fluorite and minor amounts of sphalerite, galena, and pyrite mineralization. 
Secondary sericite and chlorite occur locally. At Brusgruvan, galena-fluorite±pyrite, along 
with minor galena-sphalerite veinlets, occur in a silicified rock (Jansson et al., 2013). 
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Geochemistry of Altered Rocks 
 High field strength and rare earth elements are generally considered to be immobile 
during metamorphic and hydrothermal processes, unless partial melting of rocks has occurred 
or if they are bonded to certain complexing ions (e.g., Bau and Dulski, 1995; Clarke et al., 
2007). As a consequence, they can be used to help identity precursors to altered rocks (e.g., 
Floyd and Winchester, 1975; Winchester and Floyd, 1977; Muecke et al., 1979; Taylor et al., 
1986; MacLean and Kranidiotis, 1987; Bingen et al., 1996). Björklund (2011) and Jansson et 
al. (2013) showed that Zr, Ti, Al, Hf, Nb, Sc, Th, Ta, and U were immobile in rocks during 
metamorphism and alteration at Stollberg, regardless of how strongly the precursor rocks 
were altered. They also showed that rocks at Stollberg consist primarily of bimodal felsic and 
mafic volcanic rocks, with rhyolitic ash-siltstone predominating in the immediate hanging 
wall and footwall (Fig. 11A-C).  
 Lithogeochemical studies were previously conducted by Selinus (1982, 1983), Ripa 
(1988, 1994, 1996, 2012), Björklund (2011), and Jansson et al. (2013). In order to compare 
type and degree of alteration, the composition of the least altered sample (GGR 138 628.86) 
of metamorphosed rhyolitic ash-siltstone, which occurs in the stratigraphic hanging wall of 
the Gränsgruvan deposit, was chosen. This rock has a composition very similar to the 
average composition of six least-altered metamorphosed rhyolitic samples previously 
analyzed by Jansson et al. (2013). These six samples consist of rhyolitic ash-siltstone, 
coherent rhyolite, and a pumiceous mass flow deposit in the stratigraphic footwall to sulfide 
mineralization along the Stollberg-Svartberg trend. These three rhyolitic rocks have similar 
compositions. Jansson et al. (2013, p. 324-325) selected least altered samples based on the 
following criteria: 1) no anomalous Ca, Mg, Mn, Fe, or Si contents or K/Na ratios compared 
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to unaltered volcanic rocks; 2) low loss on ignition; 3) mineralogy similar to that of primary 
igneous rocks or their metamorphosed equivalents; and 4) good preservation of primary 
volcanic or sedimentary textures. The composition of the six least altered samples of Jansson 
et al. (2013) and sample GGR 138 628.86 are in Table 5. Average compositions for various 
metamorphosed altered rocks analyzed here are in Tables 5 and 6.  
  
Alteration geochemistry of metamorphosed felsic igneous rocks 
  Ripa (1988) described a regional zonation in alteration in the stratigraphic footwall of 
the Stollberg-Svartberg ore trend: a lower Na-rich alteration and an upper K-Fe-Mg 
alteration. The precursors to the Na-rich alteration were chlorite-albite altered rhyolites, 
which upon metamorphism resulted in the formation of albite and gedrite, whereas the 
metamorphic equivalents of the K-Fe-Mg altered rocks are the biotite ± garnet rocks. 
Although Ripa (1988) suggested the precursor minerals to be chlorite and sericite, Jansson et 
al. (2013) considered that the K-Fe-Mg alteration was superimposed on Fe-Mn rocks that had 
an exhalative component. Here, we report the compositional variations of these 
metamorphosed altered rocks and those spatially related to sulfide mineralization. It should 
be noted here that comparisons are made for various rocks types with the raw data only, even 
though premetamorphic alteration involved mass changes. Although the least altered rocks 
have rhyolitic compositions, the rocks of the ore zone were a hybrid mix of rhyolitic 
material, carbonate, and exhalative materials. The approach of evaluating hydrothermal 
alteration using lithogeochemical techniques developed by, for example, Gresens (1967), 
Grant (1986), Maclean and Barrett (1993), and Barrett and Maclean (1994) cannot be applied 
to samples from the Stollberg ore field because these approaches cannot distinguish between 
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mass gains related to alteration (e.g., silicification) and apparent “mass gain” caused by the 
fact that rhyolitic ash at Stollberg co-settled (and was thus diluted) with colloidal silica, Fe 
oxides, or carbonates on the seafloor. Thus, the ore zone contains exhalative rocks that were 
overprinted by sub-seafloor hydrothermal alteration, with the added caveat that the presence 
of carbonate effectively diluted the rhyolitic material, causing a decrease in the concentration 
of immobile elements.  
 Quartz-garnet-pyroxene: Compared to least-altered samples, this altered rock type 
contains elevated concentrations of Fe, Mn, Ca, tot C, Pb, Zn, As, Ag, Au, Cd, Ga, Sb, Tl, 
and W, and depleted concentrations of Si, Ti, and Na. This rock type is the only one to have 
elevated concentrations of Ga and Tl. It also has, on average, the lowest concentration of Na. 
Quartz-garnet-pyroxene rock from Tvistbo has more Fe, Mn, total C, Pb, Ag, Au, Be, Bi, Ga, 
and Sb and less Si, Ba, Cu, Zn, As, Hg, Se, Tl, and W than that associated with the 
Gränsgruvan deposit. 
 Skarn: In general, skarn contains elevated concentrations of Fe, Mn, Mg, Ca, total C, 
Co, Sr, Cu, Pb, Zn, As, Ag, Au, Cd, Sb, V, and W, and lower concentrations of Si, Ti, Al, 
Na, Zr, Y, Nb, Ba, Hf, Th, and U relative to least altered samples. Skarn is, on average, more 
depleted in Si, Na, and Y, and more enriched in Ca and total C compared to other altered 
rock types. When compared to the composition of skarn from Gränsgruvan, skarn from 
Tvistbo contains more Fe, Mn, Ca, total C, total S, Cu, Pb, Ag, Ga, Mo, and Sb and less Si, 
Ti, Al, Na, K, Zr, Nb, Co, Ni, Ba, Rb, Zn As, Cd, Hf, Hg, Sc, Ta, Th, and V. 
 The compositions of skarn obtained here are similar to those obtained by Ripa (1988), 
who found skarns on the eastern limb of the Stollberg syncline to have high concentrations of 
Fe, Mg, Ca, Mn, Pb, and Zn, and low Ti, Al, Ba, Sr, Y, Zr, and total alkali contents relative 
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to least altered samples throughout the Bergslagen district. Ripa (2012) later compared skarn 
to the premetamorphic footwall K-rich alteration and found skarn to be relatively enriched in 
Si, Fe, Mg, Ca, P, As, Cl, Cu, Mo, Ni, Pb, Sr, V, W, Y and Zn, and depleted in Ba, Na, K, 
and Rb. In addition, skarn near sulfide ore is relatively enriched in As, Co, total S, Y, and Zn, 
whereas skarn distal to ore is instead enriched in Mg, Mn, Cu, and Sr. 
 Garnet-biotite: Garnet-biotite rock is enriched in Fe, Mn, Mg, Ca, P, Co, Ni, Cu, Pb, 
Zn, As, Sc, V, and W and depleted in Si, Na, and Y relative to least altered samples. This 
altered rock type is the most enriched in Fe. Garnet-biotite rock spatially associated with the 
Gränsgruvan deposit has higher Si, Na, K, Co, Ni, Ba, Sr, and V contents, and lower Fe, Mn, 
and Au concentrations compared to samples from Tvistbo and Dammberget. At Tvistbo, 
garnet-biotite rock has higher concentrations of Bi, Cs, and Ga, and lower amounts of Si and 
Mg compared to that at Gränsgruvan and Dammberget, whereas that at Dammberget has the 
highest concentrations of Pb, As, Sn, and W, and the lowest total C, Ba, and Rb contents. 
 Gedrite-albite: Gedrite-albite rocks are enriched in Na, Cu, Zn, and Mo, and depleted 
in K, Ba, Rb, Sr, and Sn. According to Ripa (1988), these rocks have elevated concentrations 
of Fe, Mg, Mn, Na, and Zn and reduced amounts of Ca, K, Rb, Sr, and Zr compared to 
metamorphosed sodic volcanic rocks elsewhere in the Bergslagen district.  
 Cordierite-biotite: This rock contains higher Mg, Co, Ni, Pb, Zn, As, Ag, Sc, and V 
contents and lower concentrations of Na relative to weakly altered rhyolitic ash-siltstone. 
These rocks contain the highest concentrations of Mg and V of any of the altered rock types 
in the Stollberg ore field.  
 Silicified rock: This is the only metamorphosed altered rock type that does not contain 
lower amounts of silica relative to rhyolitic ash-siltstone. Silicified rocks are enriched in P, 
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Cu, Pb, Zn, As, Ag, Au, Sb, and W and depleted in Ti, Na, Y, and Ga.  
 Sericitized rock: Zones of metamorphosed sericitized rock are most prominent at 
Gränsgruvan, where it is enriched in P, S, Co, Cu, Pb, Zn, As, Ag, Au, Bi, Cd, Sb, V, and W, 
and depleted in Na and Nb. Relative to similar rocks at Gränsgruvan, one sample (DBH 
82007 219.60) of sericitized rock from Tvistbo contain higher amounts of Ti, Fe, Mn, Mg, 
Ca, P, C, Co, Ni, Sr, Cu, Au, Sc, and V, and lower quantities of Si, S, As, Bi, Cd, Cs, Sb, Tl, 
Th, and W. 
 Hanging wall rhyolitic ash-siltstone: As compared to the least-altered samples 
analyzed here, other samples of metamorphosed ash-siltstone in the stratigraphic hanging 
wall of sulfide mineralization contain elevated amounts of Ca, Cu, Pb, Zn, Ag, Au, Bi, and 
Sn, and are depleted in Ti. Samples from Gränsgruvan are enriched in Ti, Al, Na, K, C, Zr, 
Nb, Ba, Rb, Sr, and Be, and depleted in Fe, total S, Cu, Zn, As, Ag, Bi and W relative to 
samples from the hanging wall of the Dammberget deposit. 
 Footwall rhyolitic ash-siltstone: Metamorphosed equivalents of these rocks are 
enriched in Fe, Ca, P, total C, Co, Cu, Pb, Zn, As, Sn, V, and W and depleted in Al, Zr, Y, 
Nb, Hf, and U. By comparison to samples from the Dammberget deposit, those from 
Gränsgruvan contain higher amounts of Mn, Ca, Na, P, C, Ni, Sr, and V and lower quantities 
of total S, Y, Pb, Ag, Au, Bi, Sb, Sn, and W. Overall, metamorphosed hanging wall ash 
siltstone is not as strongly altered as its counterpart in the stratigraphic footwall.  
 
Alteration geochemistry of metamorphosed mafic rocks at Gränsgruvan 
 Using plots of TiO2 vs. Zr, Al2O3 vs. TiO2, P2O5 vs. Zr, and Al2O3/TiO2 vs. TiO2/Zr 
for eleven samples of the 40-m-thick metamorphosed mafic intrusion in the stratigraphic 
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hanging wall and the 80-m-thick metamorphosed intrusion in the footwall of the 
Gränsgruvan deposit, Björklund (2011, p. 25-27) showed that these two intrusions can be 
distinguished compositionally. Data collected here from 17 additional Gränsgruvan samples 
show that they can be further distinguished on the basis of composition in a plot of the 
Ishikawa alteration index (AI = [100(MgO+K2O)/(MgO+K2O+Na2O+CaO)] versus TiO2/Zr 
(Fig. 12). It should be noted that the AI was initially developed by Ishikawa et al. (1976) as a 
method for determining the amount of replacement of Na-rich feldspar and volcanic glass 
(Na2O and CaO loss) by sericite and chlorite (MgO and K2O gain) in Kuroko-type 
volcanogenic massive sulfide (VMS) deposits, and not for the study of metamorphic rocks or 
metamorphosed altered rocks.  
 The hanging wall mafic intrusion is ~7% more enriched in MgO when compared to 
that of its counterpart in the footwall. The hanging wall intrusion also contains higher 
concentrations of Ni, Sr, As, and W, and lower amounts of K, S, Rb, Pb, Zn and Au relative 
to that of the footwall intrusion. Although some samples (GGR 125 106.6, GGR 125 199.9, 
GGR 125 597.3, GGR 125 826.0) analyzed by Björklund (2011) and Raat et al. (2013) were 
considered to be altered metamorphosed felsic rocks, they plot as mafic igneous rocks, as do 
thin bands of phlogopite-rich altered rock analyzed here that are spatially associated with 
mafic intrusive rocks.  
 
Rare earth element patterns of altered rocks  
 In general, chondrite-normalized REE patterns of metamorphosed altered rhyolitic ash-
siltstone, regardless of alteration type, intensity, and location, are light rare earth element 
(LREE) enriched and heavy rare earth element (HREE) depleted and have no discernible Ce 
33 
 
anomalies (Fig. 13). Rare earth element patterns, which were normalized to chondrite values 
of McDonough and Sun (1995), are similar to those previously obtained by Jansson et al. 
(2013) for rocks spatially associated with the Baklängan deposit and other deposits along the 
eastern limb of the Stollberg syncline. 
 Most metamorphosed altered rocks (gedrite-albite, cordierite-biotite, sericitized, 
silicified, rhyolitic ash-siltstone, garnet-biotite, skarn) show weak to prominent negative Eu 
anomalies or values of Eu/Eu* < 1, where [Eu/Eu* = (EuChondrite/([SmChondrite x GdChondrite])0.5;  
Taylor and McLennan, 1985 (Tables 6 and 7). However, several samples of rocks proximal 
to the Gränsgruvan and Dammberget deposits show values of Eu/Eu* > 1. Quartz-garnet-
pyroxene rocks from the Gränsgruvan and Tvistbo deposits have values of Eu/Eu* = 0.57 to 
2.45, with the highest values occurring in samples more proximal to sulfide mineralization. 
 Like the metamorphosed altered rocks in the Stollberg area, metamorphosed mafic sills 
from the Gränsgruvan, Dammberget, and Tvistbo deposits are also LREE enriched and 
HREE depleted. However, they contain less REEs and, in general, have only weak positive 
or negative Eu anomalies.  
 
Alteration Indices 
 The AI and the chlorite-carbonate-pyrite index (CCPI = 
100(MgO+FeOtotal)/(MgO+FeOtotal+Na2O+K2O)) have been used to evaluate the degree and 
nature of alteration spatially associated with VMS deposits (e.g., Large et al., 2001; Piercey, 
2009; Shanks, 2012). Least altered samples have AI values between 20 and 70, whereas 
those for the CCPI range from 15 to 90. The CCPI is a measure of the degree of albite, K-
feldspar, and sericite replacement (Na2O and K2O loss) by Mg-Fe chlorite (MgO and FeO 
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gain). It also helps to identify the degree of alteration related to the formation of chlorite 
versus sericite, which cannot be done with the AI. Large et al. (2001) utilized both alteration 
indices by plotting them in their so-called “box plot.” It should be noted that these indices 
were initially developed for minerals that were generally preserved during the alteration 
process and not for altered rocks that were subsequently metamorphosed. However, Theart et 
al. (2010) showed that the box plot can be applied to the alteration zones of rocks subjected 
to high-grade metamorphism. They demonstrated that altered rocks below the ore zones of 
the Areachap and Kantienpan VMS deposits, South Africa, which were metamorphosed to 
the upper amphibolite-granulite facies, had the highest AI and CCPI values. Furthermore, 
Taylor et al. (2015) recently applied the AI to oxygen isotope data to identify zones of 
hydrothermal alteration in rocks spatially associated with the Izok lake Zn-Cu-Pb-Ag VMS 
deposit, Canada, which was metamorphosed to the amphibolite facies.  
 Here we apply the alteration indices to metamorphosed altered rocks spatially 
associated with the Stollberg ore field, with the intent of seeing through the camouflaging 
effects of metamorphism to help determine possible mineral phases in the protolith. 
However, the rocks are also evaluated by plotting bulk rock compositions in the manner 
demonstrated by Theart et al. (2010) where the box plot shows the composition of some of 
the metamorphic minerals (Fig. 14). Although the box plot of Large et al. (2001) uses the 
Ishikawa index, it is considered less useful for altered rocks in the Bergslagen district 
because of the spatial association of marble with metallic mineralization. Because of this 
association, Allen et al. (2003) proposed a modification to this index, referred to here as the 
“modified alteration index” (MAI), for which one mole of CaO is replaced by one mole of 
Na2O [100(MgO+K2O)/(MgO+K2O+2Na2O)]. The present study uses the MAI because the 
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presence of carbonate as a primary lithology in the Stollberg ore field skews values of the 
Ishikawa alteration index, which produces a misrepresentation of alteration intensity. In 
general, the result of using the MAI index, instead of the AI, shows that the intensity of 
primary premetamorphic sericitic and chloritic alteration is greater. 
 Figure 12A-F plots the MAI and AI against the immobile element ratio TiO2/Zr. Most 
felsic rocks were subjected to sericitic and chloritic alteration, and gedrite-albite alteration 
from Dammberget is the only rock to exhibit sodic alteration. Mafic intrusions are similarly 
moderately to strongly altered. Plots by Björklund (2011) show similar results for 
Gränsgruvan, with MAI values for individual samples being on average higher than AI 
values. For comparative purposes, altered rocks from the Gränsgruvan deposit are plotted in 
terms of both CCPI versus MAI and CCPI versus AI (Fig. 15A, B). Both plots show that 
these rocks were subjected to strong to moderate chloritic, sericitic, and K-feldspar alteration, 
with samples in Figure 15A having higher index values along the X-axis. Values of CCPI 
range from 4 to 94 and there is little carbonate alteration. A box plot of CCPI versus MAI 
suggests that rocks from Tvistbo were subjected to strong chlorite-sericite-K-feldspar 
alteration (Fig. 15E, F), similar to that at Gränsgruvan, whereas rocks from Dammberget 
contained more carbonate (Fig. 15C, D). This is to be expected since mineralization at 
Dammberget is hosted in carbonates, whereas Gränsgruvan is hosted by the footwall of a 
carbonate unit. 
Ripa (1994) proposed that the protolith of gedrite-albite rocks consisted mostly of 
chlorite and albite. This suggests that in going from the unaltered rhyolitic ash-siltstone to the 
gedrite-albite rock, the compositions would have followed the trend arrow shown on Figure 
15C. This would necessitate an orientation of trend 5 (sericite-carbonate alteration) of Large 
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et al. (2001a) that implies a certain amount of carbonate alteration. However, compositions of 
least altered rhyolitic ash-siltstone and gedrite-albite rocks show no difference in carbonate 
content but do show a difference between the Na2O (added) versus K2O (lost) contents.  
 
Discussion 
Comparison of Sulfide Mineralization and Altered Rocks within the Stollberg Ore Field 
 Sulfide mineralization in the Stollberg ore field is considered to have formed via sub-
seafloor replacement in a shallow marine basin prior to polyphase ductile deformation and 
metamorphism during the Svecokarelian orogeny (Ripa, 1996; Jansson et al. 2013). Iron ore 
initially accumulated through the settling of both Fe and Mn-rich hydrothermal sediments 
and fine-grained rhyolitic and calcareous detritus towards the waning stage of volcanic 
activity at Stollberg. However, the bulk of sulfide deposition occurred later, as the 
hydrothermal system became increasingly buried (Ripa, 1994; Allen et al., 1996; Jansson, 
2013). As the temperature of the hydrothermal fluid rose, the ore-forming environment 
became more reducing, and the Stollberg limestone became a chemical trap to sulfide 
precipitation by means of neutralization of an acid ore fluid (Ripa, 1996; Jansson et al., 
2013). The deposits were subsequently metamorphosed to the amphibolite facies. 
 Although base metal deposits at Stollberg consist primarily of disseminated to semi-
massive sulfides spatially associated with the Stollberg limestone, there are differences in the 
mineralogy as well as the nature and degree of premetamorphic alteration associated with the 
various deposits (Table 1). Along the Stollberg-Svartberg ore trend, sulfide deposits, except 
for Brusgruvan, are generally associated with marble, skarn, oxide- to silicate-facies iron 
formation as well as garnet-biotite and gedrite-albite rocks (Jansson et al., 2013). Although 
37 
 
garnet-biotite rock is dominated by garnet, biotite, and quartz, it also contains locally 
abundant gahnite and cordierite on the eastern side of the Stollberg ore field, where it 
transitions into the assemblage amphibole-garnet±staurolite±cordierite±biotite close to 
mineralization (Ripa, 2012; Jansson et al., 2013). The base metal mineralization along the 
Stollberg-Svartberg ore trend generally contains sphalerite, galena, chalcopyrite, pyrrhotite, 
pyrite, and magnetite with minor arsenopyrite±lölliingite. Typically, sulfide ore has a low 
pyrite to pyrrhotite ratio and a Zn/(Zn+Pb) ratio < 0.68 (Jansson et al., 2013), although some 
samples from Stollmalmen have a ratio of up to 0.89 (Table 1). Sulfides in these deposits are 
commonly zoned with, for example, skarn-hosted sphalerite and galena mineralization at 
Dammberget occurring stratigraphically above garnet-biotite rock that is enriched in 
chalcopyrite and pyrrhotite (Ripa, 2012). The average bulk rock composition of garnet-
biotite rock at Dammberget shows that it is Fe-rich (24.81 wt % Fe2O3 versus 8.25 wt % 
Fe2O3 at Gränsgruvan) and that the SiO2 (56.03 wt %) and MnO (1.38 wt %) contents are 
similar to those associated with this type of altered rock at Gränsgruvan (SiO2 = 56.03 wt %; 
MnO = 0.27 wt %). Garnet in these samples is among the most Fe-rich observed in the 
Stollberg district. Although grunerite is a common accessory in samples from the 
Dammberget, Gränsgruvan, and Tvistbo deposits, gahnite and fluorite have only been 
observed in garnet-biotite rock spatially associated with the Dammberget and Stollmalmen 
deposits.  
 Ore at Gränsgruvan, on the western limb of the Stollberg syncline, differs from 
deposits along the Stollberg-Svartberg trend in that it is associated with quartz-garnet-
pyroxene, sericitized, and silicified rocks (Fig. 4). Although a thin cordierite-biotite unit (< 
10 m wide) occurs stratigraphically above sulfide mineralization at Stollmalmen, it is 
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generally absent on the eastern limb of the syncline. By contrast, it forms a prominent 
alteration zone, at least 100 m wide, in the hanging wall of the Gränsgruvan deposit. Unlike 
ore on the eastern limb of the syncline, which is hosted in marble or skarn, sulfides occur 
approximately 140 m below a sulfide-free marble/skarn unit at Gränsgruvan, stratigraphically 
below the Stollberg limestone. Ore is zoned, with sphalerite, galena, and pyrite primarily 
occurring in quartz-garnet-pyroxene and silicified rocks that overlies a zone of pyrite, 
pyrrhotite, and chalcopyrite within silicified and sericitized rocks. The ore at Gränsgruvan is 
Zn-rich, As-poor, and has a Zn/(Zn+Pb) ratio > 0.72, as well as a high pyrite to pyrrhotite 
ratio (Raat et al., 2013). Unlike its counterparts on the eastern limb, which are spatially 
related to iron formation, iron formation does not occur on the western limb and magnetite is 
relatively rare in the Gränsgruvan deposit. Sericitized rocks are present at Gränsgruvan and 
Tvistbo, although it is volumetrically more abundant at Gränsgruvan. Whether the sericitized 
rocks extend between Tvistbo and Gränsgruvan to form a continuous zone of altered rocks 
remains unclear; however, it should be noted that Copperstone Resources reported that the 
Tvistbo deposit terminates against a fault at its southern end 
(http://www.copperstone.se/en/portfolio/bergslagen.html). 
 Metallic mineralization at Tvistbo is hosted by skarn-like quartz-garnet-pyroxene and 
minor garnet-biotite rocks, whereas sulfides at Norrgruvan are hosted by quartz-fluorite 
rocks. Fluorite, in general, is present in minor amounts in most deposits in the Stollberg ore 
field, but is prominent at Norrgruvan, similar to that at Brusgruvan, where it occurs as a 
network of galena-fluorite±pyrite veins. Although magnetite occurs with sulfide 
mineralization in skarn at Tvistbo, it is largely absent at Norrgruvan. Both Tvistbo and 
Norrgruvan have lower pyrite to pyrrhotite and Zn/(Zn+Pb) ratios (~0.55) than Gränsgruvan 
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(Table 1), and, in this respect, they resemble deposits on the eastern side of the Stollberg 
syncline. Based on drill core available for this study, it is unclear whether or not the Tvistbo 
and Norrgruvan prospects exhibit the base metal zoning that occurs elsewhere in the 
Stollberg ore field.  
Garnet-biotite rock at Tvistbo is Mn-rich (average MnO = 13.82 wt %), as compared 
to an average of 0.26 and 1.38 wt % MnO for this type of alteration from the Gränsgruvan 
and Dammberget deposits, respectively. Unlike the Al-rich skarn at Gränsgruvan, skarn ore 
at Tvistbo is chemically similar to the Al-poor skarn described by Jansson et al. (2013), who 
recognized that the variation in Al content between reaction skarns along the Stollberg-
Svartberg trend is based on the proportion of original limestone versus rhyolitic detritus in 
the protolith. Aluminum-poor skarn formed from limestone ± iron oxides, whereas Al-rich 
skarn contains a greater proportion of hydrothermally altered rhyolite in the protolith. Skarn 
from Tvistbo has a calcareous protolith and contains more CaO (23.09 wt %) and less SiO2 
(16.62 wt %) than skarn from Gränsgruvan (CaO = 9.35 wt %, SiO2 = 57.81 wt %), which 
has a siliceous protolith. Although the amount of sericitized rock is minor at Tvistbo, and not 
spatially associated with sulfides, average bulk rock compositions show that it contains less 
SiO2 (62.2 wt %) and more Fe2O3 (8.4 wt %), MgO (2.24 wt %), and CaO (2.99 wt %) than 
that at Gränsgruvan.  
 
Element ratios, element concentrations, mineral compositions, and alteration indices as 
potential exploration guides to ore 
 Alteration indices: Plots of the MAI, AI, and CCPI as a function of depth through the 
Gränsgruvan (drill holes GGR 125, GGR 137) and Dammberget deposits (drill hole SSF 26) 
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show significant variability, which reflects the different types and degrees of premetamorphic 
hydrothermal alteration in addition to a variable original content of limestone, Fe oxides and 
felsic volcanic detritus in the alteration precursor (Fig. 16). Relative to ranges proposed for 
least altered rocks for these three indices, the MAI shows the greatest degree of alteration 
with values > 80% for all samples over a 300 m interval in GGR 125, which goes from the 
upper contact of quartz-garnet-pyroxene rocks in the hanging wall of the Gränsgruvan 
deposit down to the base of the sericitized rocks in its footwall. Over the same interval, the 
values of CCPI are among the lowest, whereas the AI values show greater variability than 
MAI values. As for GGR 125, the MAI values show a smoother profile and have the highest 
values in the ore zone and in altered rocks in the hanging wall and footwall when compared 
to values of AI and CCPI over the same stratigraphic interval. Similarly, a smooth profile 
with high MAI values (> 85%) occurs in potassically altered rocks in the stratigraphic 
hanging wall of the Dammberget deposit. These values contrast markedly with those (< 45 
%) associated with the sodic altered rocks (i.e., gedrite-albite rock) in the footwall of the 
Dammberget deposit. Of the three alteration indices evaluated here, the MAI is the best at 
identifying strongly altered rocks adjacent to the ore zone, the location of the ore zone, and 
compositional differences between sodic and potassic altered rocks. 
 Mineralogical vectors: In an attempt to determine whether or not the composition of 
common silicates in the Stollberg district can be used as a pathfinder to ore, the major 
element compositions of garnet, biotite, amphibole, and pyroxene in various altered rock 
types were determined (Figs. 6, 7, 8, 10). The local presence of the assemblage pyrite-
pyrrhotite-magnetite in the Stollberg ore field suggests that fS2-fO2 conditions were, in 
places, high. However, these same minerals are also found in the country rocks, though they 
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do not always occur together. Pyrrhotite and magnetite are the most common minerals in the 
assemblage Fe-S-O in the country rocks, suggesting that the Fe/(Fe+Mg) ratio of 
ferromagnesian silicates will not change very much from the country rocks into the 
mineralization and attendant altered rock types. The Fe/(Fe+Mg) ratio of garnet in rhyolitic 
ash-siltstone and in gedrite-albite rocks is high since the composition of garnet in these rocks 
is dominated by almandine component (Fig 6a, e). Several compositions of garnet in garnet-
biotite rocks from the Dammberget and Gränsgruvan deposits are also almandine-rich, 
however, others from these deposits, as well as elsewhere in the Stollberg ore trend, contain 
> 50 % of the spessartine component (up to 75 % in the Tvistbo deposit) (Fig. 6b). Up to 30 
% of the grossular component is also found in some garnet-biotite rocks from the 
Gränsgruvan deposit. In addition, such enrichments in the spessartine and grossular end 
members occur in garnet from sulfide mineralization, skarn, and quartz-garnet-pyroxene and 
sericitized rocks, as well as zones of silicification associated with the Gränsgruvan deposit. 
Biotite in garnet-biotite rock adjacent to the Dammberget deposit shows an intermediate 
Fe/(Fe+Mg) ratio of ~0.4 to 0.6, whereas that for biotite in metamorphosed rhyolitic ash-
siltstone adjacent to the Gränsgruvan deposit is lower (~0.2 to 0.4). Furthermore, biotite in 
sulfide samples and garnet-biotite rock from the Dammberget, Gränsgruvan, and Tvistbo 
deposits shows a broad range of Fe/(Fe+Mg) ratios from ~0.2 to 0.8 (Fig. 7).  
Although garnet and biotite are observed in country rocks primarily consisting of 
metamorphosed rhyolitic ash-siltstone, as well as the ore zones and attendant altered rocks, 
amphibole and pyroxene are restricted to sulfide zones and altered rocks. Amphibole from 
Gränsgruvan and Tvistbo tend to be calcic (hornblende, actinolite) in skarn, quartz-garnet-
pyroxene, and sericitized rocks, whereas that in garnet-biotite rock from Dammberget, 
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Gränsgruvan, and Tvistbo is grunerite. As was reported previously by Ferrow and Ripa 
(1991), and also observed here (Fig. 8), ferrogedrite occurs in the gedrite-albite rock in the 
stratigraphic footwall of mineralization in the Dammberget deposit. Pyroxene in skarn, 
sulfide mineralization, and quartz-garnet-pyroxene rock falls in the diopside and 
hedenbergite field, whereas augite occurs in silicified zones at Gränsgruvan and in garnet-
biotite rocks at Stollmalmen (Fig. 10). Although the presence of amphibole and pyroxene 
constitute empirical guides to sulfides (nothwithstanding their occurrence in mafic sills), their 
compositions are not good indicators of proximity to ore. Their compositions, like those of 
garnet and biotite, primarily reflect the bulk rock composition of the host rocks rather than 
the effects of sulfidation and oxidation. However, given its widespread distribution in altered 
and unaltered rocks (specifically rhyolitic ash-siltstone), enrichments in the Mn and Ca 
concentrations of garnet are the best indicators to mineralization out of the ferromagnesian 
silicates studied here. A very promising avenue of further study is the trace element 
compositions of garnet and biotite. For example, preliminary studies by Spry et al. (2015) of 
biotite show elevated concentrations of Cs and Tl in drill holes that cross-cut the 
Dammberget deposit over a distance of 100 m in its stratigraphic hanging wall, whereas 
O’Brien et al. (2014) and Spry et al. (2015) showed that garnet in sulfide zones, and garnet-
biotite and garnet-pyroxene rocks, has a strong positive Eu anomaly and contains elevated 
concentrations of Zn and Ga, and a low Ti content relative to least altered rocks.  The 
positive Eu anomaly in garnet contributes to the whole rock positive anomaly but without 
trace element compositions of the other silicates it is unclear which silicates, if any, 
contribute to it.  
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Elemental vectors: Ripa (1988) determined that, in general, meta-volcanic rocks 
along the Stollberg-Svartberg ore trend are enriched in K, Ca, Mg, Fe, Mn, Rb, Th, Pb, and 
Zn, and depleted in Si, Ti, Al, Na, Sr, Y, Zr, and Ba as compared to least-altered samples of 
felsic metavolcanic rocks from Bergslagen that were analyzed by Lagerblad and Gorbatschev 
(1985).  He also demonstrated that biotite-rich footwall rocks have elevated concentrations of 
Fe, Mg, Mn, Pb, and Zn and reduced concentrations of Ca, Sr, Y, and Zr as compared to 
other K-rich rocks in the Bergslagen district (Ripa 1988). Based on down-hole sampling of 
drill holes GGR125 and GGR 137 from the Gränsgruvan deposit, Pb, Sb, and As increase 
with proximity to sulfides (Figs. 17 and 18).  Thallium, Eu/Eu*, and Ba were also elevated in 
drill hole GGR137 with proximity to mineralization, but not in GGR 125. These same 
elements are also enriched in samples near sulfides in the Dammberget deposit (drill hole 
SSF26), along with Ba/Sr, Ba, and K2O, but are depleted elsewhere in the drill core (Fig. 18). 
Note that in samples obtained from SSF26, Eu/Eu* is highest in the stratigraphic hanging 
wall in ash-siltstone up to 200 m above the deposit (Fig. 19). At Baklängan and Marnäs, 
Jansson et al. (2013) showed that Eu/Eu*, Fe, Mn, Mg, Ca, Cu+Pb+Zn increased and Al, Na, 
and K decreased with proximity to ore.   
Strong positive Eu anomalies occur in marble, skarn, iron formation, zones of 
massive sulfides, and some samples of garnet-biotite and quartz-garnet-pyroxene alteration. 
Given that the least altered metamorphosed rhyolitic ash-siltstone has a negative Eu anomaly, 
rocks that have a low volcaniclastic component and a high hydrothermal component 
generally have positive Eu anomalies. The presence of both positive and negative Eu 
anomalies in garnet-biotite and quartz-garnet-pyroxene rocks reflects varying proportions of 
these volcaniclastic and hydrothermal components. As was pointed out by Jansson et al. 
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(2013), the Staren limestone, which has a marine microbial origin and possesses a negative 
Eu anomaly, contrasts to the skarns and marble of the Stollberg limestone, which exhibits 
positive Eu anomalies. Because of the complex overprint from metamorphism and 
deformation, it was, however, not possible to determine whether the positive Eu anomaly 
reflects the presence of Eu-enriched hydrothermal-exhalative carbonates in the Stollberg 
limestone or Eu enrichment during sub-seafloor hydrothermal alteration. The hydrothermal 
component of sulfide-related marble is also reflected in the lighter C and O isotope 
compositions, when compared to marble after marine limestone in Bergslagen (Billström et 
al., 1985; Allen et al., 2003).  
 
Comparisons between the Stollberg and Garpenberg districts 
 According to Allen et al. (1996, 2013), most base metal sulfide deposits in the 
Bergslagen district are spatially related to metamorphosed rhyolitic ash-siltstone, limestone 
(most of which has been hydrothermally altered or converted to skarn), breccia, and vitric 
crystal sandstone. They proposed that the deposits along the Stollberg-Svartberg trend bore 
resemblance to those at Garpenberg and that ore in both locations likely formed as a result of 
synvolcanic sub-seafloor replacement of carbonate. Ore deposits at Garpenberg (e.g., 
Garpenberg Norra, Lappberget, Garpenberg, Dammsjön) mainly occur on the NW limb of a 
regional F2 syncline (Allen et al., 2008), and are associated with a sequence of 
metamorphosed rhyolitic pumice breccia, limestone, tuffs, ash-siltstone, crystal-rich 
sandstone, siltstone, and conglomerate, as well as various extrusive rocks (dacite, basalt, and 
andesite). The deposits occur over a strike distance of at least 8 km and occur primarily in 
limestone and felsic volcanic rocks. The mineralization is massive, semi-massive, and pod-
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like with sphalerite and galena being the dominant economic minerals, with chalcopyrite 
being locally present. Pyrite and pyrrhotite are subordinate to the base metal sulfides. 
Alteration associated with mineralization consists of Mg-rich skarns (tremolite and diopside) 
along with Mg-rich alteration (biotite-garnet-cordierite-quartz schists), silicification, and 
K±Mg alteration (muscovite-phlogopite-quartz schists) (Vivallo 1985a, b; Allen et al., 2008, 
2013), albeit to what extent these associations reflect primary alteration assemblages as 
opposed to metamorphic equivalents is uncertain (e.g. Allen et al., 2008). In addition, there is 
also a local spatial association between sulfide mineralization and Mn-rich magnetite 
mineralization (e.g., Lappberget; Jansson 2011), although magnetite is much more 
subordinate at Garpenberg compared to Stollberg. The variability in the type of ore deposits 
in the Stollberg ore field is similar to that observed in the Garpenberg district in that deposits 
at Stollberg are also spatially related to carbonates and skarn that formed in hydrothermally 
altered limestone, and that they are locally associated with Mn-rich Fe oxide deposits. 
Jansson (2011) concluded that regardless of whether the latter are exhalative or replacive, 
they comprise earlier and/or more distal equivalents of ore-forming systems that were 
capable of forming sulfide deposits more proximal to the vent and/or after burial. Raat et al. 
(2013) pointed out that sericitized and silicified rocks spatially associated with the 
Gränsgruvan deposit resemble footwall-type stringer mineralization at Garpenberg, although 
their SiO2 content (~80-90 wt % SiO2) at Garpenberg is higher than that at Gränsgruvan (~70 
wt % SiO2). Note that both Gränsgruvan and Garpenberg are also spatially associated with 
quartz-garnet-pyroxene rock. Although based upon limited sampling here, it may also be 
present at Tvistbo in the Stollberg district.  
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 Mineralization in the Garpenberg district is characterized by an increase in Mg with 
proximity to sulfides (Vivallo 1985), a feature that is also observed at Stollberg, as indicated 
by the presence of cordierite-biotite, garnet-biotite, and skarn alteration. Similarly, 
enrichment in Mn at Garpenberg (Allen et al. 2008) is also reflected by the high Mn (up to 
21.45% MnO) in skarn, and elsewhere in quartz-garnet-pyroxene rock at Gränsgruvan and 
along the Stollberg-Svartberg ore trend. 
 Although fluorite is not commonly associated with hydrothermally altered rocks in 
the Bergslagen district, it is a minor component in deposits in the Stollberg and Garpenberg 
districts, where it occurs in quartz-fluorite veins crosscutting chalcopyrite-pyrite-pyrrhotite 
ore in the Stockenström and Printz orebodies at Garpenberg South (Vivallo 1985; Allen et 
al., 2008), and as quartz-fluorite veins at Brusgruvan and quartz-fluorite rock at Norrgruvan 
in the Stollberg district. 
Differences between the Stollberg and Garpenberg districts include the absence of 
gedrite-albite rock, high Ag concentrations (~130 g/t at Garpenberg compared to < 65 g/t Ag 
in deposits in the Stollberg district, except for the Brusgruvan deposit, which contains ~320 
g/t Ag), the presence of high-grade shoots of remobilized sphalerite-galena-rich (pyrite-poor) 
veins, and a regional epidote-actinolite-quartz alteration in the Garpenberg district. Silver-
rich galena-Ag sulfide-sulfosalt veins occur in dolomite and tremolite skarn at Garpenberg 
(Allen et al., 2013) but have not been observed in the Stollberg ore field. Note that biotite-
cordierite rock occurs in the hanging wall of the Gränsgruvan and Stollmalmen deposits in 
the Stollberg district, but is present in the footwall and to a lesser extent in the hanging wall 
deposits in the Garpenberg district. Phlogopite±cordierite±garnet rock at Garpenberg 
(Vivallo, 1985a, b; Allen et al., 2003) has elevated concentrations of Mg, Fe, and K and low 
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Na and Ca contents compared to unaltered samples, and bears some resemblance to garnet-
biotite or cordierite-biotite rock at Stollberg. There are no analogues for the chlorite 
alteration in the Stollberg district, which is observed at Garpenberg.  
 
Conclusions 
The major conclusions of this study are: 
1. Semi-massive to massive sulfide deposits on the eastern side of the Stollberg syncline 
occur mainly in marble/skarn that are locally related to massive to semi-massive Mn-
bearing iron formation. The porphyroblastic garnet-amphibole-
biotite±gahnite±cordierite±andalusite±sillimanite±staurolite rock that hosts sulfide 
mineralization is metamorphosed K-Fe-Mg altered rhyolitic ash-siltstone with an 
exhalative component derived from Fe-Mn rocks, whereas an extensive zone of gedrite-
albite rock in the footwall of the deposits on the eastern limb of the Stollberg syncline is 
chlorite-albite altered rhyolite. The Gränsgruvan deposit, on the west side of the Stollberg 
syncline, differs from the deposits on the eastern limb in that sulfide mineralization is 
hosted by metamorphosed silicified and sericitized rocks, and by the presence of 
extensive zones of quartz-garnet-pyroxene and cordierite-biotite rocks stratigraphically 
above sulfide mineralization. In addition, marble/skarn hosted ore is absent and the pyrite 
to pyrrhotite and the Zn/(Zn+Pb) ratios of sulfides are higher at Gränsgruvan 
(Zn/(Zn+Pb) = ~0.71 but locally as high as 0.89) when compared to deposits on the 
eastern side of the syncline  (Zn/(Zn+Pb) = 0.17 to 0.67). Moreover, there is also a 
paucity of magnetite at Gränsgruvan compared to deposits on the eastern side of the 
Stollberg syncline. The Tvistbo and Norrgruvan deposits share some mineralogical 
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characteristics with deposits on both limbs of the syncline. Sulfides at Tvistbo are hosted 
by altered rocks that resemble skarn, silicified, and quartz-garnet-pyroxene rocks at 
Gränsgruvan. Most altered rocks at Tvistbo are more enriched in Mn relative to other 
deposits in the Stollberg ore trend. By contrast, sulfides at Norrgruvan are hosted by 
quartz-fluorite rock, which resemble the host of the Brusgruvan deposit on the eastern 
limb of the Stollberg syncline. 
2. Of the three alteration indices evaluated here (AI, MAI, and CCPI), the modified 
alteration index most clearly defines the ore zone at Gränsgruvan (MAI > ~94) and 
distinguishes the potassic alteration (MAI < 25) from sodic alteration (MAI < 90) at 
Dammberget. The MAI is the best alteration index to evaluate the intensity and type of 
alteration for skarn-related sulfide deposits in the Stollberg district, and elsewhere in the 
Bergslagen district. 
3. Garnet in altered and metamorphosed rhyolitic ash-siltstone and altered rocks associated 
with the Dammberget deposit is enriched in the almandine component, whereas that in 
sulfide mineralization, skarn, and quartz-garnet-pyroxene, sericitized, and silicified rocks 
associated with the Gränsgruvan deposit is enriched in the spessartine and grossular end 
members. Garnet occurring in situ or as resistate grains in surficial sediments that is 
enriched in the grossular or spessartine components in the Stollberg area is considered to 
be the best pathfinder mineral to sulfides. The major element composition of biotite, 
amphibole, and pyroxene appear to be less useful indicators to sulfides. 
4. The concentration of several elements are elevated in the ore zone (and associated altered 
rocks) and can be used as vectors to ore: Pb (Gränsgruvan > 100 ppm, Dammberget > 30 
ppm), Sb (> 0.1 ppm at Gränsgruvan and Dammberget), Tl (Dammberget > 0.4 ppm), 
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K2O (Dammberget > 5 wt %), Ba/Sr (Dammberget > 50 ppm), Ba (Dammberget > 50 
ppm), and As (Gränsgruvan > 30 ppm, Dammberget > 20 ppm). In addition, Eu/Eu* 
calculated using the arithmetic mean is > 1 near sulfides, and < 1 with increasing distance 
from ore at Gränsgruvan, Dammberget, and Tvistbo. 
5. The Stollberg and Garpenberg base metal deposits both occur in regional F2 synclines 
where sulfides are predominantly associated with hydrothermally altered and 
metamorphosed felsic volcaniclastic rocks and limestone. Mg-rich skarns and Mg-rich 
alteration are characteristic of the Garpenberg district, along with enrichment of SiO2 and 
K, and in places, Mn and F. Based on the presence of stringer-style mineralization at 
Gränsgruvan that is spatially associated with sericitized and silicified rocks, and the high 
pyrite to pyrrhotite ratio of the ore relative to other base metal occurrences at Stollberg, 
Gränsgruvan shows a closer resemblance to ore in the Garpenberg district. The 
mineralogically distinctive and spatially prominent gedrite-albite rocks on the eastern 
limb of the Stollberg syncline has yet to be observed in the Garpenberg district. 
Excluding the enrichment of Mn in iron formation in the Stollberg district, high Mn 
contents of sulfide-related mineralization is only observed in the Tvistbo prospect at 
Stollberg. Similarly, fluorite is relatively common in ores in the Garpenberg district, but 
is only common in the Norrgruvan and Brusgruvan deposits in the Stollberg ore field. 
One other significant difference between sulfide mineralization in the Stollberg and 
Garpenberg districts is that Ag concentrations are higher in the latter. 
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Figure Captions 
 
Fig. 1. Geologic map of the Bergslagen region, showing the location of Stollberg and the 
Garpenberg, Falun, and Zinkgruvan deposits. Inset shows the location of Bergslagen in 
Sweden (modified after Stephens et al., 2009). 
 
Fig. 2. Geologic map of the Stollberg ore field, showing the location of mines/prospects and 
drill cores. Mines/prospects: 1 = Gränsgruvan, 2 = Norrgruvan, 3 = Tvistbo, 4 = 
Lustigkulla/Marnäs, 5 = Cedercreutz, 6 = Baklängan, 7 = Dammberget, 8 = Stollmalmen, 9 = 
Brusgruvan. Profiles: X = Gränsgruvan, Y = Dammberget. Drill cores from which samples 
were taken are shown. Grid is Swedish National Grid RT90. Modified after Raat et al. 
(2013). 
 
Fig. 3. Geologic cross section of the Dammberget deposit along grid coordinate 6675600, 
shown as Profile Y in Figure 2. Drill core SSF 26 intersects this cross section. Grid is 
Swedish National Grid RT90. 
 
Fig. 4: Geologic cross section of the Gränsgruvan deposit along grid coordinate 6677050, 
shown as Profile X in Figure 2. Drill cores GGR 125 and GGR 137 intersect this cross 
section. Grid is Swedish National Grid RT90. 
 
Fig. 5. Photos and photomicrographs of least altered and altered rock types associated with 
sulfide mineralization in the Stollberg ore field. A. Biotite (Bt) and quartz (Qtz) in foliated 
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crystal-rich rhyolitic mass flow deposit from Gränsgruvan. B. Crystal-rich rhyolitic mass 
flow from Gränsgruvan showing biotite and quartz, plane polarized light. C. Massive sulfides 
in the Gränsgruvan deposit. D. Biotite, sphalerite (Sph), and pyrite (Py) in massive sulfides 
from Gränsgruvan, plane-polarized light. E. Flattened fluorite (Fl) in quartz-fluorite rock 
from Norrgruvan. F. Quartz-fluorite rock from Norrgruvan, transmitted light. G. Quartz-
garnet (Grt)-clinopyroxene (Cpx) rock from Gränsgruvan. H. Quartz-garnet-clinopyroxene 
rock from Gränsgruvan, transmitted light. I. Massive calcite (Cal), garnet, and clinopyroxene 
in skarn from Dammberget. J. Interlocking calcite, garnet, and clinopyroxene in skarn from 
Dammberget, transmitted light. K. Coarse layered garnet-biotite (Bt) rock from the 
stratigraphic hanging wall of the Stollmalmen deposit. L. Garnet, biotite, and quartz in 
garnet-biotite rock spatially associated with the Dammberget deposit, transmitted light. M. 
Coarse gedrite (Ged)-albite (Alb)-quartz rock from in the stratigraphic footwall of the 
Dammberget deposit. N. Blades of gedrite with albite and quartz in gedrite-albite rock from 
Dammberget, transmitted light. O. Coarse flattened cordierite (Crd) porphyroblasts in 
cordierite-biotite altered rock in the hanging wall of the Gränsgruvan deposit. P. Cordierite-
biotite rock in the stratigraphic hanging wall of the Gränsgruvan deposit, transmitted light. Q. 
Silicified rock, composed largely of dominantly quartz, spatially associated with sulfides in 
the Gränsgruvan deposit. R. Oriented biotite flakes in silicified rock in the Gränsgruvan 
deposit, transmitted light. 
 
Fig. 6: Ternary plots of garnet compositions of least altered and altered rocks from the 
Stollberg ore field. A. Metamorphosed rhyolitic ash-siltstone and mafic intrusions. B. 
Garnet-biotite rock. C. Quartz-garnet-pyroxene rock and skarn. D. Sulfide mineralization. E. 
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Other altered rock types (sericitized, silicified, gedrite-albite, garnet-magnetite). F. Garnet-
biotite gneiss and zoisite-calcite-K feldspar rock from Baklängan; garnet-biotite-
clinoamphibole-anthophyllite rock from Lustigkulla/Marnäs; quartz-calcite rock from 
Brusgruvan; anthophyllite-garnet blastic hanging wall rock, Stollmalmen, after Jansson 
(2011). Alm = almandine, pyr = pyrope, sps = spessartine, grs = grossular, and = andradite.  
 
Fig. 7: Binary plots of biotite compositions from the Stollberg ore field as a function of total 
Al vs. Fe/(Fe+Mg). A. Rhyolitic ash-siltstone and mafic intrusions. B. Garnet-biotite rock. C. 
Quartz-garnet-pyroxene rock and skarn. D. Sulfide mineralization. E. Cordierite-biotite and 
sericitized rock from Gränsgruvan, and gedrite-albite rock from Dammberget. F. Laminated 
garnet rock from Kogruvan, garnet-biotite-clinoamphinole-anthophyllite rock and amphibole 
blastic biotite schist with magnetite rock from Lustigkulla/Marnäs (data from Jansson, 2011). 
Symbols same as in Figure 6. Diagram modified after Lalonde and Bernard (1993). 
 
Fig. 8: Binary plots of amphibole compositions from the Stollberg ore field as a function of 
Mg/(Mg+Fe) vs. Si. A. Calcic amphiboles (Ca ! 1.50; (Na+K) < 0.05). B. Calcic amphiboles 
(Ca ! 1.50; (Na+K) ! 0.05). C. Orthorhombic Mg-Fe-Mn amphiboles ((Ca+Na) < 1.00; (Mg, 
Fe2+, Mn) ! 1.00). D. Monoclinic Mg-Fe-Mn amphiboles ((Ca+Na) < 1.00; (Mg, Fe2+, Mn) ! 
1.00). Some samples analyzed from Lustigkulla/Marnäs, Baklängan, Kogruvan, and 
Stollmalmen are from Jansson (2011). Classification and diagrams based on Leake et al. 
(1997). Symbols same as in Figure 6. 
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Fig. 9: Schematic stratigraphic sections of the Tvistbo and Norrgruvan deposits from drill 
cores A. DBH 82007 (Tvistbo), B. DBH 82008 (Tvistbo), C. DBH 86005 (Norrgruvan), and 
D. DBH 86004 (Norrgruvan). 
 
Fig. 10. Ternary plots of pyroxene compositions from the Stollberg ore field. A. Skarn and 
quartz-garnet-pyroxene rock. B. Other altered rock types from Gränsgruvan (silicified rock 
and sulfide mineralization, Stollmalmen (banded iron formation), and Lustigkulla/Marnäs 
(sulfide mineralization), including pyroxene analyses from Jansson (2011). Ca2Si2O6(Wo) = 
wollastonite, Mg2Si2O6(En) = enstatite, Fe2Si2O6(Fs) = ferrosilite. Some samples analyzed 
from Lustigkulla/Marnäs, Baklängan, and Stollmalmen are from Jansson (2011). Symbols 
same as in Figure 6. 
 
Fig. 11. Binary plots of immobile elements, TiO2 vs. Zr, showing the bimodal felsic and 
mafic nature of volcanic rocks at Stollberg. A. Gränsgruvan. B. Dammberget. C. Tvistbo and 
Norrgruvan. Diagram after MacLean and Barrett (1993) and Gifkins et al. (2005); 
compositional boundaries from Hallberg (2001). 
 
Fig. 12. Binary plots of the Ishikawa alteration indices (AI) and the modified alteration index 
(MAI) vs. TiO2/Zr for whole rock analyses from selected deposits in the Stollberg ore field. 
A. MAI, Gränsgruvan. B. AI, Gränsgruvan. C. MAI, Dammberget. D. AI, Dammberget. E. 
MAI, Tvistbo and Norrgruvan. F. AI, Tvistbo and Norrgruvan. Symbols used are the same as 
in Figure 11. 
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Fig. 13. Chondrite-normalized whole-rock REE patterns for samples from the Stollberg ore 
trend. Red, blue, and black colors are for samples from Gränsgruvan, Dammberget, and 
Tvistbo, respectively. A. Rhyolitic ash-siltstone, hanging wall. B. Rhyolitic ash-siltstone, 
footwall. C. Mafic intrusion. D. Biotite-rich zone. E. Sulfide mineralization. F. Garnet-biotite 
rock. G. Skarn. H. Quartz-garnet-pyroxene rock. I. Gedrite-albite rock. J. Cordierite-biotite 
rock. K. Sericitic rock. L. Silicified rock. Chondrite values from McDonough and Sun 
(1995). 
 
Fig. 14. Box plot of CCPI versus MAI for amphibole, biotite, garnet, and pyroxene from 
altered rocks associated with deposits along the Stollberg ore trend (modified after Theart et 
al., 2010). 
 
Fig. 15. Alteration box plots for samples from the Stollberg ore trend (modified after Large et 
al., 2001a). Central box indicates least altered samples for felsic, intermediate, and mafic 
rocks. The minerals shown are common premetamorphic alteration minerals. Plots A, C, and 
E use the modified alteration index (MAI), whereas plots B, D, and F use the Ishikawa 
alteration index (AI). A. MAI, Gränsgruvan. B. AI, Gränsgruvan. C. MAI, Dammberget. D. 
AI, Dammberget. E. MAI, Tvistbo and Norrgruvan. F. AI, Tvistbo and Norrgruvan. Symbols 
used are the same as in Figure 11. 
 
Fig. 16. Downhole variation of MAI, AI, and CCPI values in rocks from A. Gränsgruvan 
(drill core GGR 137). B. Gränsgruvan (drill core GGR125). C. Dammberget (drill core 
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SSF26). Drill core logs showing rock types are shown to the left. Rock types and legend are 
given in Figures 3 and 4. 
 
Fig. 17. Downhole variation of Pb, Sb, Tl, and K2O concentrations in rocks from A. 
Gränsgruvan (drill core GGR137). B. Gränsgruvan (drill core GGR125). C. Dammberget 
(drill core SSF26). Drill core logs showing rock types are shown to the left. Rock types and 
legend are given in Figures 3 and 4.  
 
Fig. 18. Downhole variation of SiO2/Fe2O3 and Ba/Sr ratios, and Ba and As concentrations in 
rocks from A. Gränsgruvan (drill core GGR137). B. Gränsgruvan (drill core GGR125). C. 
Dammberget (drill core SSF26). Drill core logs showing rock types are shown to the left. 
Rock types and legend are given in Figures 3 and 4. 
 
Fig. 19. Downhole variation of Eu/Eu* in rocks from A. Gränsgruvan (drill core GGR 137). 
B. Gränsgruvan (drill core GGR125). C. Dammberget (drill core SSF26). Values were 
calculated using Eu/Eu* = EuChondrite/([SmChondrite  x GdChondrite]0.5) Taylor and McLennan 
(1985). Rock types and legend are given in Figures 3 and 4.  
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Gränsgruvan  -­  rhyolitic  ash-­siltstone
Lustigkulla/Marnäs  -­  garnet-­biotite-­clinoamphibole-­
   anthophyllite  rock
Tvistbo  -­  garnet-­biotite  rock
Norrgruvan  -­  garnet-­biotite  rock
Lustigkulla/Marnäs  -­  amphibole-­blastic  biotite  schist  
   with  magnetite
Gränsgruvan  -­  garnet-­biotite  rock
Gränsgruvan  -­  sulfide  mineralization
Tvistbo  -­  sulfide  mineralization
Lustigkulla/Marnäs  -­  massive  sphalerite  ore
Lustigkulla/Marnäs  -­  magnetite-­garnet-­amphibole  rock
Gränsgruvan  -­  skarn
Tvistbo  -­  skarn
Gränsgruvan  -­  mafic  intrusion
Gränsgruvan  -­  biotite-­rich  zone
Gränsgruvan  -­  quartz-­garnet-­pyroxene  rock
Tvistbo  -­  quartz-­garnet-­pyroxene  rock
Gränsgruvan  -­  sericitized  rock
Kogruvan  -­  clinopyroxene-­garnet  skarn
Lustigkulla/Marnäs  -­  clinopyroxene-­amphibole  
   skarny  marble
Gränsgruvan  -­  cordierite-­biotite  rock
Lustigkulla/Marnäs  -­  garnet-­biotite  rock
Tvistbo  -­  silicified  rock
Gränsgruvan  -­  silicified  rock
Stollmalmen  -­  anthophyllite-­almandine  blastic  
   hanging  wall  rock
Brusgruvan  -­  quartz-­calcite  rock
Dammberget  -­  gedrite-­albite  rock
Stollmalmen  -­  exhalative  BIF
Staren  -­  skarn
Stollmalmen  -­  clinoamphibole-­garnet  skarn
Stollmalmen  -­  garnet-­biotite  rock
Stollmalmen  -­  quartz-­garnet-­pyroxene  rock
Staren  -­  sericite-­garnet-­pyroxene  rock
Dammberget  -­  garnet-­magnetite  rock
Brusgruvan  -­  calcite  marble
Dammberget  -­  rhyolitic  ash-­siltstone
Kogruvan  -­  laminated  garnet  rock
Baklängan  -­  zoisite-­calcite-­K  feldspar  altered  
   rhyolitic  ashy-­siltstone
Dammberget  -­  garnet-­biotite  rock
Dammberget  -­  sulfide  mineralization
Dammberget  -­  skarn
Baklängan  -­  skarn
Baklängan  -­  sphalerite  ore
Baklängan  -­  garnet-­biotite  rock
Baklängan  -­  humite  group-­blastic  marble
Baklängan  -­  garnet-­biotite  gneiss
Tvistbo  -­  sericitized  rock
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Overburden
Rhyolitic  ash-­siltstone,  hanging  wall
Mafic  intrusion
Skarn
Mineralized  quartz-­garnet-­pyroxene  rock
Sulfide  mineralization
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Garnet-­biotite  rock Quartz-­fluorite  rock
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Fig.  A
western  deposits.  
“Diagram  after  MacLean  and  Barrett  1993  and  Gifkins  et  al.  2005;;  compositional  boundaries  from  Hallberg  2001)”  from  
Cordierite-­biotite  rock
Rhyolitic  ash-­siltstone,  hanging  wall
Rhyolitic  ash-­siltstone,  footwall
Garnet-­biotite  rock
Mafic  intrusion,  Gränsgruvan  footwall
Mafic  intrusion,  Gränsgruvan  hanging  wall
Mafic  intrusion,  Dammberget
Sulfide  mineralization
Gedrite-­albite  rock
Biotite-­rich  zone
Quartz-­garnet-­pyroxene  rock
Sericitized  rock
Silicified  rock
Quartz-­fluorite  rock
Mafic  intrusion,  Tvistbo
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A Rhyolitic  ash-­siltstone,
hanging  wall
B Rhyolitic  ash-­siltstone,
footwall
C Mafic  intrusion D Biotite-­rich  zone
E Sulfide  mineralization F Garnet-­biotite  rock
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Brusgruvan1,2 Zn 3.2 wt%, Pb 15.6 wt%, 
Ag 320 ppm, 
Fe <1.23 wt%, 
Mn <0.10 wt%, 
As 13 ppm
Gal, Sph, Py Qtz, Fl, Mc, Ms, Bt, Grs, 
Czo
Px skarn, Sil 0.17
Stollmalmen1,2 Zn 1-4 wt%, Pb 0.5-1 wt%, 
Ag 10 ppm, 
Fe 20-35 wt%, 
Mn 7 wt%, 
As <2786 ppm
Sph, Gal, Mag, 
Asp, Po, Py
Qtz, Fl, Ms, Cal, Bt, Alm, 
Sps, Ghn, St, Crd, Hd, Ath, 
Tm, Ged, Chl, Mn-ilm, Dsp
Ged-Alb, Bar-Bt, 
Px skarn
0.50-0.89
Dammberget1 Zn 3-5 wt%, Pb 2-5 wt%, 
Ag 20-60 ppm, 
Fe 10 wt% 
Sph, Gal, Mag, 
Asp, Po, Py
Qtz, Fl, Ms, Bt, Cal, Phl, 
Chl, Hbl, Ath, Gru, Alm, 
Sps, Kne, Hd, Mn-ilm, Tlc, 
Ghn
Ged-Alb, Px skarn, 
Gar-Bt
0.38-0.68
Baklängan2,3 Zn 2.6 wt%, Pb 4.8 wt%, 
Ag 43 ppm, 
Fe <26.20 wt%, 
Mn <3.49 wt%, 
As <450 ppm
Mag, Sph, Gal, 
Po, Asp
Qtz, Fl, Ms, Cal, Bt, Alm, 
Sps, Cam, Kne, Hu-group, 
Ghn, Grs, Hd, Pyroxenoid, 
Chl, Mn-ilm, Dsp, Alm
Ged-Alb, Qtz-Bt, 
Gar-Amp-Ghn-Bt, 
Cam-Grt-Ghn-Fl 
skarn, Cam-Cpx 
skarn
0.35
Korrgruvan-
Myggruvan2
Zn 0.5 wt%, 
Pb 0.5 wt%, 
Ag 5 ppm, 
Fe 35 wt%, 
Mn 11 wt%, 
As <158 ppm
Mag, Sph, Gal, 
Po, Asp
Qtz, Fl, Mc, Ms, Cal, Bt, 
Alm, Sps, Cam, Hd, Ath, 
Chl, Mn-ilm
Ged-Alb, skarn 0.5
     Data from 1Ripa (1996), 2Jansson et al. (2013), 3Månsson (1979), 4Jansson (2011) [unpublished thesis], 5Boliden 
Mineral, and 6Kopparberg Mineral 2012 Annual Report complemented by recent observations.
     Abbreviations: Au = native Au, Act = actinolite, Alm = almandine garnet, Asp = arsenopyrite, Ath = anthophyllite,
Bt = biotite, Cal = calcite, Cam = clinoamphibole, Chl = chlorite, Cpy = chalcopyrite, Crd = cordierite, Cpx = 
clinopyroxene, Czo = clinozoisite, Dsp = diaspore, Ep = epidote, Fl = fluorite, Gal = galena, Ged = gedrite, Ghn = 
gahnite, Grs = grossular garnet, Gru = grunerite, Hbl = hornblende, Hd = hedenbergite, Hu-group = humite group, 
Kfs = K-feldspar, Kne = knebelite, Lo = löllingite, Mag = magnetite, Mc = microcline, Mn-ilm = Mn ilmenite, 
Mn-gru = Mn grunerite, Ms = muscovite, Phl = phlogopite, Pl = plagioclase, Po = pyrrhotite, Py = pyrite, Ser = 
sericite, Sph = sphalerite, Sps = spessartine garnet, St = staurolite, Tlc = talc, Tm = tremolite, Qtz = quartz. Most 
abbreviations after Whitney and Evans (2010).
Table 1. Characteristics of Deposits in the Stollberg Ore Field
Zn/(Zn+Pb)Deposit Grade & tonnage Metallic 
minerals
Ore zone minerals Alteration types
91
Lustigkulla-
Marnäs1,2,4
Zn 1 wt%, 
Pb 0.5 wt%, 
Ag <2.8 ppm, 
Fe 30-40 wt%, 
Mn 10-15 wt%, 
As <3484 ppm
Sph, Gal, Mag, 
Asp, Lo, Po, 
Py
Qtz, Fl, Ms, Cal, Bt, Alm, 
Sps, Cam, Mn-gru, Hd, Chl, 
Mn-ilm
Bt-Qtz, Gar-Amph-
Ghn-Bt, Cam-Grt-
Kne-Fl, Cam-Cpx
0.67
Gränsgruvan5 6.65 Mt, Zn 7.7 wt%, 
Pb 2.6 wt%, 
Ag 60 ppm 
Sph, Gal, Cpy, 
Py, Po
Qtz, Bt, Phl, Ms, Ser, Chl, 
Kfs, Mc, Pl, Hbl, Act, Alm, 
Sps, Cal, Cpx, Ep
Crd-Bt, Qtz-Gar-
Px, Ser, Sil, Gar-Bt
0.71
Tvistbo6 575 kton, Zn 3.3 wt%, 
Pb 2.6 wt%, 
Ag 22 ppm
Sph, Gal, Cpy, 
Po, Mag
Qtz, Bt, Phl, Ms, Ser, Chl, 
Kfs, Alm, Cpx, Cal, Ep
Gar-Bt, Px skarn, 
Qtz-Gar-Px, Sil, Ser
0.56
Norrgruvan6 No data Gal, Sph, Py, Po, Cpy, Au
Qtz, Fl, Bt, Ms, Ser, Chl, 
Mc, Pl, Gar, Cam
Px skarn, Qtz-Fl, 
Gar-Bt, Sil
No data
     Data from 1Ripa (1996), 2Jansson et al. (2013), 3Månsson (1979), 4Jansson (2011) [unpublished thesis], 5Boliden 
Mineral, and 6Kopparberg Mineral 2012 Annual Report complemented by recent observations.
     Abbreviations: Au = native Au, Act = actinolite, Alm = almandine garnet, Asp = arsenopyrite, Ath = anthophyllite,
Bt = biotite, Cal = calcite, Cam = clinoamphibole, Chl = chlorite, Cpy = chalcopyrite, Crd = cordierite, Cpx = 
clinopyroxene, Czo = clinozoisite, Dsp = diaspore, Ep = epidote, Fl = fluorite, Gal = galena, Ged = gedrite, Ghn = 
gahnite, Grs = grossular garnet, Gru = grunerite, Hbl = hornblende, Hd = hedenbergite, Hu-group = humite group, 
Kfs = K-feldspar, Kne = knebelite, Lo = löllingite, Mag = magnetite, Mc = microcline, Mn-ilm = Mn ilmenite, 
Mn-gru = Mn grunerite, Ms = muscovite, Phl = phlogopite, Pl = plagioclase, Po = pyrrhotite, Py = pyrite, Ser = 
sericite, Sph = sphalerite, Sps = spessartine garnet, St = staurolite, Tlc = talc, Tm = tremolite, Qtz = quartz. Most 
abbreviations after Whitney and Evans (2010).
Table 1. (Cont.)
Deposit Grade & tonnage Metallic 
minerals
Ore zone minerals Alteration types Zn/(Zn+Pb)
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Wt % 1 2 3 4 5 6 7 8 9 10 11 12
SiO2 37.07 36.64 37.61 36.95 36.37 36.09 36.59 36.01 36.00 36.58 37.35 37.31
TiO2 0.01 0.07 0.18 0.02 0.08 0.01 0.08 0.05 0.00 0.01 0.02 0.03
Al2O3 20.52 19.99 20.84 20.79 20.41 21.47 18.66 19.70 21.03 20.47 19.86 20.46
Fe2O3 2.23 3.90 0.00 1.08 0.96 2.65 6.18 2.01 2.53 0.82 0.97 0.00
FeO 36.40 9.84 11.30 38.29 12.05 31.64 8.91 15.34 13.44 16.51 10.85 38.59
MnO 0.08 9.02 21.79 0.37 27.11 2.57 12.19 22.94 16.36 20.95 26.30 0.64
MgO 3.45 0.29 0.50 1.25 0.14 1.88 0.83 0.12 1.09 0.27 0.72 2.11
CaO 1.33 19.03 7.69 2.59 2.97 4.34 16.46 3.37 8.66 4.33 4.60 0.84
Total 101.10 98.78 99.90 101.34 100.09 100.64 99.89 99.54 99.10 99.94 100.67 99.98
Number of atoms in formulae (oxygen basis 12)
Si 2.965 2.935 3.033 2.978 2.980 2.902 2.929 2.975 2.918 2.989 3.022 3.036
Ti 0.001 0.004 0.011 0.001 0.005 0.000 0.005 0.003 0.000 0.000 0.001 0.002
Al 1.935 1.887 1.981 1.975 1.971 2.035 1.761 1.918 2.009 1.971 1.894 1.962
Fe3+ 0.134 0.235 0.000 0.066 0.059 0.160 0.372 0.125 0.154 0.050 0.059 0.000
Fe2+ 2.434 0.659 0.762 2.581 0.826 2.128 0.596 1.060 0.911 1.128 0.735 2.626
Mn 0.006 0.612 1.488 0.025 1.881 0.175 0.826 1.606 1.123 1.449 1.803 0.044
Mg 0.411 0.035 0.061 0.150 0.018 0.226 0.099 0.015 0.132 0.033 0.087 0.256
Ca 0.114 1.633 0.664 0.224 0.260 0.374 1.412 0.298 0.752 0.379 0.399 0.074
Total 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000
Type of garnet
Alm 82.08 22.42 25.61 86.62 27.66 73.31 20.33 35.58 31.21 37.74 24.29 87.56
Pyr 13.87 1.18 2.03 5.03 0.59 7.78 3.38 0.49 4.53 1.09 2.89 8.52
Grs 3.60 49.32 22.21 7.26 8.45 11.94 39.63 9.39 23.93 12.36 12.79 2.45
Sps 0.19 20.82 50.02 0.84 63.03 6.03 28.17 53.91 38.49 48.49 59.63 1.46
And 0.25 6.15 0.00 0.24 0.25 0.94 8.38 0.61 1.84 0.32 0.40 0.00
Ca-Ti Gt 0.00 0.10 0.12 0.01 0.02 0.00 0.11 0.01 0.00 0.00 0.01 0.00
Total 100 100 100 100 100 100 100 100 100 100 100 100
(GGR 137 485.9); 8 Sulfide mineralization, Tvistbo (DBH 82007 198.9); 9 Skarn, Gränsgruvan (GGR 137 459.5); 10 Mineralized skarn,
Tvistbo (DBH 82007 197.1); 11 Skarn, Tvistbo (DBH 82008 171.9); 12 Gedrite-albite rock, Dammberget (SSF 26 465.4).
Table 2. Representative Electron Microprobe Compositions of Garnet
1 Rhyolitic ash-siltstone, footwall, Dammberget (SSF 26 961.80); 2 Quartz-garnet-pyroxene rock Gränsgruvan (GGR 125 339.5); 3 
Quartz-garnet-pyroxene rock, Tvistbo (DBH 82008 177.8); 4 Garnet-biotite rock, Dammberget (SSF 26 925.9); 5 Garnet-biotite rock,
Tvistbo (DBH 82008 64.3); 6 Sulfide mineralization, Dammberget (SSF 26 844.2); 7 Sulfide mineralization, Gränsgruvan
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Wt % A B C D E F G H I J K L
SiO2 45.49 41.12 40.54 46.17 50.45 51.75 54.30 52.10 53.79 40.50 34.75 50.06
TiO2 0.36 0.20 0.27 0.09 0.02 0.05 0.06 0.02 0.00 0.12 0.84 0.00
Al2O3 11.17 11.75 13.73 6.27 1.93 4.21 1.20 2.68 1.13 18.62 20.00 0.66
FeO   8.89 25.08 23.42 23.89 29.54 10.88 6.08 15.72 26.86 25.71 23.99 39.25
MnO   0.92 0.00 0.00 0.04 0.07 0.95 1.14 1.17 0.00 0.27 0.10 0.39
MgO   16.02 6.35 6.16 8.52 6.91 16.64 20.99 13.49 17.54 10.77 7.15 7.73
CaO   11.75 11.86 11.42 12.08 10.66 12.97 12.05 12.26 0.31 0.12 0.00 0.29
Na2O  1.88 0.56 1.04 0.49 0.18 0.45 0.20 0.27 0.20 2.29 0.14 0.24
K2O   0.61 2.50 0.49 0.72 0.08 0.00 0.10 0.12 0.00 0.00 9.55 0.03
Total  98.54 99.55 97.12 98.34 99.89 98.11 96.15 98.23 99.84 98.41 96.55 98.69
Number of atoms in formulae (oxygen basis 24)
Si 6.615 6.364 6.297 7.073 7.682 7.436 7.742 7.648 7.795 6.040 5.584 7.858
Ti 0.039 0.024 0.031 0.011 0.002 0.006 0.007 0.002 0.000 0.013 0.102 0.000
Al 1.914 2.143 2.513 1.131 0.346 0.713 0.201 0.464 0.193 3.272 3.787 0.122
Fe3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Fe2+ 1.081 3.246 3.042 3.060 3.762 1.308 0.725 1.930 3.255 3.207 3.223 5.153
Mn 0.114 0.000 0.000 0.005 0.009 0.115 0.137 0.145 0.000 0.034 0.014 0.052
Mg 3.473 1.465 1.427 1.946 1.568 3.565 4.461 2.951 3.790 2.395 1.712 1.809
Ca 1.831 1.966 1.900 1.982 1.739 1.996 1.841 1.929 0.048 0.020 0.000 0.048
Na 0.530 0.169 0.313 0.146 0.052 0.124 0.056 0.076 0.056 0.662 0.044 0.072
K 0.114 0.495 0.097 0.141 0.016 0.000 0.019 0.022 0.000 0.000 1.957 0.007
Total 17.711 17.872 17.621 17.494 17.177 17.264 17.188 17.167 17.137 17.642 18.422 17.120
82007 190.4); 3 Grunerite in garnet-biotite rock, Gränsgruvan (GGR 125 601.8); 4 Ferrohornblende in quartz-garnet-pyroxene
rock, Gränsgruvan (GGR 467.6); 5 Ferroactinolite in sulfide mineralization, Dammberget (SSF 26 861.0); 6 Magnesiohornblende
in sericite rock, Gränsgruvan (GGR 468.5); 7 Actinolite in skarn, Stollmalmen (STOL-stp-10); 8 Actinolite in skarn, Gränsgruvan
(GGR 137 459.5); 9 Anthophyllite in hanging wall rhyolitic ash-siltstone, Dammberget (SSF 26 961.8); 10 Ferrogedrite in gedrite-
albite rock, Dammberget (SSF 26 44.1); 11 Gedrite in footwall rhyolitic ash-siltstone, Gränsgruvan (GGR 125 623.7); 12 
Ferroanthophyllite in garnet-biotite rock, Dammberget (SSF 26 853.3).
Table 3. Representative Electron Microprobe Compositions of Amphibole
1 Edenite in mafic intrusion, Gränsgruvan (GGR 125 260.9); 2 Ferropargasite in quartz-garnet-pyroxene rock, Tvistbo (DBH 
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Wt % 1 2 3 4 5 6 7 8 9 10 11 12
SiO2 32.89 36.41 35.47 33.68 36.83 33.71 34.93 51.37 52.50 49.70 51.65 52.40
TiO2 0.59 0.29 0.69 0.61 0.74 0.50 0.52 0.00 0.02 0.01 0.00 0.03
Al2O3 16.35 14.48 19.78 12.74 18.08 17.23 17.51 0.16 0.43 0.44 0.20 0.19
FeO   30.11 21.04 22.19 35.31 16.75 25.47 22.91 20.08 3.56 16.03 11.57 11.55
MnO   0.01 0.00 0.54 2.34 0.69 0.95 0.04 3.77 1.63 2.36 2.17 1.99
MgO   8.42 13.31 8.78 3.64 13.51 11.96 10.28 6.10 16.02 7.79 11.37 11.24
CaO   0.05 0.02 0.06 0.09 0.03 0.13 0.01 17.99 24.83 23.53 23.04 23.79
Na2O  0.04 0.94 0.07 0.22 0.09 0.14 0.26 0.08 0.03 0.19 0.05 0.08
K2O   8.37 8.97 9.53 8.40 10.30 6.21 9.33 - - - - -
Total  97.00 97.87 97.18 97.50 97.05 96.38 95.90 100.19 99.02 100.07 100.36 101.26
Number of atoms in formulae (biotite oxygen basis 12, pyroxene 6)
Si 5.947 5.694 5.433 5.477 5.495 5.528 5.246 2.035 1.946 1.933 1.965 1.971
Ti 0.008 0.045 0.080 0.075 0.094 0.051 0.085 0.000 0.000 0.000 0.000 0.001
Al 1.988 2.550 3.570 2.442 3.221 3.023 3.826 0.008 0.019 0.020 0.009 0.008
Fe3+ 0.029 0.121 0.000 0.612 0.000 0.000 0.000 0.000 0.090 0.127 0.065 0.055
Fe2+ 1.261 2.414 2.843 4.191 2.185 2.830 3.344 0.665 0.020 0.394 0.303 0.308
Mn 0.211 0.000 0.070 0.322 0.091 0.092 0.005 0.126 0.051 0.078 0.070 0.064
Mg 4.556 3.175 2.004 0.882 2.914 2.476 1.494 0.396 0.885 0.452 0.645 0.630
Ca 0.019 0.003 0.010 0.016 0.003 0.002 0.003 0.763 0.986 0.981 0.939 0.959
Na 0.016 0.275 0.020 0.068 0.016 0.010 0.093 0.006 0.002 0.015 0.004 0.006
K 2.018 1.569 1.863 1.743 1.982 1.843 1.878 - - - -
H20 4.000 4.000 4.000 4.000 4.000 4.000 4.000 - - - -
Total 20.053 19.847 19.893 19.827 20.001 19.855 19.975 4.000 4.000 4.000 4.000 4.000
1 Biotite in quartz-garnet-pyroxene rock Tvistbo (DBH 82007 201.0); 2 Biotite in sulfide mineralization, Dammberget (SSF
26 816.3); 3 Biotite in sulfide mineralization, Gränsgruvan (GGR 125 476.1); 4 Biotite in garnet-biotite rock, Tvistbo (DBH
82008 92.3); 5 Biotite in hanging wall rhyolitic ash-siltstone, Gränsgruvan (GGR 137 330.3); 6 Biotite in garnet-biotite rock, 
Gränsgruvan (GGR 142 408.4); 7 Biotite in garnet-biotite rock Baklängan (SSF 21 380.0); 8 Augite in clinoamphibole-garnet
skarn, Stollmalmen (SO79/10; Jansson (2011) [unpublished thesis]); 9 Diopside in sulfide mineralization, Gränsgruvan (GGR 
125 433.1); 10 Diopside/hedenbergite in quartz-garnet-pyroxene rock, Gränsgruvan (GGR 125 381.0); 11 Diopside/hedenbergite
in skarn, Gränsgruvan (GGR 137 459.5); 12 Diopside in skarn, Staren (Stol_stp_3a2).
Table 4. Representative Electron Microprobe Compositions of Biotite and Pyroxene
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1 2 3 4 5 6
1 6 31 15 27 21
SiO2 % 72.89 72.93 1.44 72.33 7.14 67.34 7.09 47.87 2.37 73.23 3.80
TiO2 % 0.21 0.21 0.01 0.14 0.06 0.26 0.16 1.05 0.71 0.13 0.02
Al2O3 % 12.94 13.03 0.38 11.61 3.04 13.31 3.54 14.87 0.83 11.33 1.37
Fe2O3 % 4.27 4.19 0.53 4.09 4.35 7.84 5.14 11.69 1.59 3.98 3.02
MnO   % 0.11 0.05 0.01 0.24 0.47 0.18 0.14 0.31 0.12 0.12 0.15
MgO   % 1.14 0.99 0.12 2.10 1.33 1.68 0.84 8.02 4.10 0.90 0.96
CaO   % 0.14 0.36 0.13 2.02 4.22 1.75 2.27 8.42 2.80 0.81 1.06
Na2O  % 2.81 4.24 0.63 0.89 0.89 1.65 1.74 1.99 0.96 0.37 0.16
K2O   % 4.38 3.08 1.06 5.36 3.60 4.46 2.06 3.22 1.82 7.49 2.28
P2O5 % 0.01 0.02 0.01 0.03 0.07 0.05 0.04 0.22 0.17 0.02 0.01
Sum % 99.75 0.04 0.02 99.81 0.08 99.77 0.09 99.62 0.31 99.69 0.33
tot C % <0.02 <.02 0.00 0.10 0.19 0.08 0.11 0.17 0.29 0.10 0.13
tot S % 0.09 0.75 0.09 0.05 0.03 0.22 0.47 0.08 0.13 0.69 0.92
Zr ppm 177.50 182.50 19.59 175.71 59.72 157.77 55.20 70.67 63.96 172.70 23.91
Y ppm 38.60 36.82 4.71 32.01 14.15 34.09 15.02 16.17 5.58 27.29 5.89
Nb ppm 9.20 11.22 0.60 10.53 4.43 10.11 4.32 4.17 4.55 9.85 1.72
Co ppm 0.60 1.08 0.11 1.56 1.55 4.82 7.21 41.52 9.38 1.62 1.28
Ni ppm 0.50 0.40 0.12 1.46 1.33 1.19 2.38 54.77 58.36 0.54 0.38
Ba ppm 1321.00 717.67 307.66 833.89 557.15 949.83 428.51 729.56 431.91 1141.95 640.87
Rb ppm 122.90 51.40 18.42 107.14 58.30 113.58 54.22 103.12 63.49 112.94 22.05
Sr ppm 25.40 15.97 3.21 18.61 12.45 17.89 10.67 155.97 151.29 11.65 5.32
Cu ppm 1.10 12.37 13.21 7.29 7.37 129.16 254.67 24.01 24.78 70.37 106.42
Pb ppm 4.00 4.00 1.81 21.64 29.71 81.38 206.36 218.94 970.59 227.00 293.04
Zn ppm 44.00 31.33 4.80 103.50 194.26 80.28 98.18 401.85 1533.14 698.29 2140.84
As ppm <0.5 1.15 0.53 4.36 9.56 13.52 44.46 7.11 16.81 21.42 29.51
Ag ppm <0.1 <0.1 - 0.26 0.34 0.44 0.78 0.35 0.81 0.52 0.55
Au ppb <0.5 1.33 0.45 0.68 0.61 12.17 41.97 1.76 5.11 5.34 11.11
Be ppm <1 1.17 0.74 4.11 3.02 2.33 1.20 1.85 1.58 1.90 1.66
Bi ppm 0.20 0.47 0.77 0.35 0.96 2.96 9.34 0.43 1.47 0.21 0.21
Cd ppm <0.1 0.17 0.05 0.20 0.34 0.11 0.05 0.71 3.08 <0.1 -
Cs ppm 0.40 0.48 0.18 1.15 0.91 1.44 0.58 2.77 2.39 0.80 0.97
No. samples
Unit
Table 5. Average Whole Rock Compositions of Least Altered and Altered Rhyolitic Volcaniclastic Rock, Mafic Rock, and 
Silicified Rock.
Sample
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Ga ppm 16.00 16.90 1.27 14.16 4.58 17.96 4.82 16.81 4.05 12.75 3.94
Hf ppm 4.80 5.40 0.42 5.23 1.69 4.81 1.62 1.96 1.53 5.21 0.70
Hg ppm <0.01 <0.01 - 0.10 0.17 <.01 - 0.03 0.05 <0.01 -
Mo ppm 0.70 0.87 0.91 0.86 0.76 1.00 0.73 0.39 0.38 1.07 0.76
Sb ppm <0.1 <0.1 - 0.16 0.13 0.47 1.35 0.14 0.12 0.95 1.40
Sc ppm 7.00 7.00 0.91 6.11 2.62 10.50 7.98 35.41 8.77 4.62 1.21
Se ppm <0.5 <0.5 - 0.50 0.00 0.50 0.00 0.54 0.15 <0.5 -
Sn ppm 4.00 3.02 1.22 2.68 1.00 14.78 18.16 2.04 2.81 4.67 5.29
Ta ppm 0.80 0.80 0.00 0.84 0.28 0.87 0.40 0.28 0.26 0.71 0.10
Tl ppm 0.40 0.15 0.00 0.34 0.25 0.25 0.15 0.37 0.29 0.28 0.22
Th ppm 15.30 14.50 0.70 14.49 4.21 13.20 4.99 2.79 1.04 15.50 2.09
U ppm 5.80 5.67 0.48 5.24 1.72 4.58 1.68 1.10 0.42 6.10 0.94
V ppm <8 <8 - 9.29 2.52 26.61 62.67 256.78 53.82 <8 -
W ppm 2.10 2.98 1.02 6.18 10.37 7.44 13.09 1.09 1.12 8.39 4.54
La ppm 36.00 32.85 6.25 32.79 14.77 38.51 20.48 13.82 8.94 28.35 11.87
Ce ppm 73.10 68.68 13.74 65.44 29.94 76.49 40.30 29.13 19.18 55.89 23.41
Pr ppm 8.92 8.57 1.74 7.75 3.60 9.14 4.67 3.87 2.58 6.61 2.60
Nd ppm 33.70 34.28 7.51 29.44 14.19 35.69 17.71 16.38 10.11 25.40 9.43
Sm ppm 6.87 6.63 1.28 5.73 2.61 7.20 3.85 3.49 2.09 4.68 1.56
Eu ppm 1.81 1.24 0.13 1.11 0.42 1.71 1.23 1.18 0.54 1.15 0.46
Gd ppm 6.47 6.03 0.81 5.25 2.31 6.22 2.97 3.44 1.84 4.13 1.03
Tb ppm 1.06 1.05 0.14 0.88 0.37 0.95 0.35 0.53 0.24 0.69 0.16
Dy ppm 6.85 6.27 0.72 5.35 2.14 5.70 2.08 3.04 1.24 4.31 0.84
Ho ppm 1.42 1.30 0.16 1.14 0.46 1.14 0.37 0.61 0.24 0.97 0.17
Er ppm 3.90 4.01 0.49 3.56 1.53 3.40 1.02 1.77 0.58 3.08 0.50
Tb ppm 0.62 0.64 0.06 0.53 0.23 0.53 0.15 0.25 0.08 0.49 0.08
Yb ppm 3.97 4.05 0.42 3.67 1.66 3.42 1.01 1.62 0.48 3.34 0.56
Lu ppm 0.61 0.62 0.05 0.57 0.26 0.53 0.16 0.24 0.06 0.51 0.08
LOI % 0.80 99.86 0.03 0.99 0.74 1.24 0.83 1.89 1.14 1.30 0.76
Eu/Eu* 0.27 0.60 0.12 0.12 0.11 0.09 0.06 0.25 0.10 0.14 0.08
     1Notes: Eu/Eu* = EuN/(GdN + SmN)0.5
     1 Least altered crystal rich reworked volcaniclastic rock, Gränsgruvan (GGR 138 628.86); 2 Least altered feldspar and 
quartz-phyric rhyolitic pumice breccia-sandstone, rhyolitic planar bedded-rhyolitic silt-sandstones and subordinate breccias, and
coherent feldspar-porphyritic rhyolite rock samples from Jansson et al. (2013); 3 Altered hanging wall rhyolitic ash-siltstone; 4 
Altered footwall rhyolitic ash-silttone; 5 Altered mafic intrusions; 6 Siliceous rock.
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1 2 3 4 5 6
15 16 15 19 17 25
SiO2 % 71.50 11.89 59.78 12.37 71.62 4.94 48.68 25.67 59.42 11.81 71.10 5.73
TiO2 % 0.21 0.21 0.28 0.19 0.23 0.05 0.16 0.17 0.17 0.04 0.21 0.25
Al2O3 % 12.70 2.17 13.18 2.86 13.48 1.91 9.12 5.82 11.43 1.72 12.09 1.94
Fe2O3 % 3.83 3.37 13.37 9.18 6.25 2.68 8.08 8.29 9.95 7.36 6.30 2.99
MnO   % 0.08 0.06 2.24 4.61 0.05 0.02 3.80 5.98 2.30 3.89 0.18 0.23
MgO   % 4.65 4.12 3.07 2.11 1.58 1.04 4.14 4.21 2.56 1.05 1.50 1.34
CaO   % 0.91 2.33 1.64 1.55 0.45 0.48 11.81 13.40 5.51 4.12 0.68 0.87
Na2O  % 0.91 0.55 0.99 1.20 5.66 0.85 0.64 1.00 0.22 0.14 0.55 0.57
K2O   % 3.07 1.63 4.51 2.80 0.22 0.29 3.48 3.40 5.64 2.34 5.24 1.79
P2O5 % 0.03 0.03 0.06 0.04 0.03 0.01 0.03 0.04 0.03 0.02 0.04 0.10
Sum % 99.77 0.10 99.78 0.09 99.92 0.04 98.47 4.27 98.78 2.28 99.69 0.46
tot C % 0.03 0.01 0.08 0.15 <0.02 - 2.46 3.94 0.26 0.36 <0.02 -
tot S % 0.06 0.08 0.08 0.11 0.06 0.05 0.50 0.82 0.51 1.05 0.92 1.07
Zr ppm 155.53 58.31 158.69 54.64 186.13 32.78 119.22 86.00 164.71 29.60 176.76 31.22
Y ppm 32.06 15.99 25.39 7.72 36.53 9.76 23.63 12.18 32.32 8.10 29.75 6.54
Nb ppm 13.49 5.52 10.08 4.16 10.81 2.77 6.67 4.84 9.72 2.17 10.47 2.22
Co ppm 7.09 15.44 5.47 11.55 1.89 1.62 3.77 7.80 1.14 0.37 2.93 3.76
Ni ppm 10.11 22.55 7.54 22.15 1.00 0.93 1.71 3.83 0.77 0.49 2.28 7.06
Ba ppm 914.27 384.31 652.88 492.49 37.00 40.08 570.79 541.99 771.94 446.67 803.80 499.15
Rb ppm 100.30 56.87 138.67 91.45 5.10 6.19 64.31 59.60 97.31 34.62 136.56 43.70
Sr ppm 17.59 21.67 12.68 11.56 17.03 5.58 46.66 55.07 19.82 10.74 13.56 16.42
Cu ppm 9.62 15.83 24.84 34.95 78.76 232.01 58.23 130.59 16.70 14.59 155.80 296.94
Pb ppm 22.51 23.69 43.63 52.67 3.34 2.35 1349.50 3133.91 2060.00 3521.74 133.78 210.19
Zn ppm 119.00 139.80 168.25 125.37 8.80 4.12 687.63 2211.60 1757.00 3169.34 363.56 634.36
As ppm 8.92 20.94 171.23 634.04 <0.5 - 6.66 10.24 19.86 33.77 7.06 15.06
Ag ppm 0.33 0.20 0.21 0.22 <0.1 - 7.37 22.79 15.21 32.03 2.02 5.59
Au ppb 0.25 0.26 1.83 1.64 2.12 1.48 7.50 20.63 4.22 7.63 9.24 11.90
Be ppm 3.40 1.58 3.47 2.73 <1 - 4.21 5.15 3.29 2.54 2.40 1.50
Bi ppm <0.1 - 0.58 0.94 0.67 1.09 0.45 0.88 0.98 3.06 2.15 5.82
Cd ppm 0.24 0.34 0.15 0.15 <0.1 - 5.07 18.98 11.76 35.04 0.89 2.04
Cs ppm 1.81 1.51 3.04 2.30 0.35 0.20 1.04 1.27 1.07 0.42 1.84 1.46
No. samples
Unit
Table 6. Average Whole Rock Compositions of Altered Felsic Rocks
Samples
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Ga ppm 16.61 4.49 19.63 10.14 19.79 6.68 18.56 14.92 21.16 10.11 15.34 3.12
Hf ppm 4.97 1.71 4.68 1.50 5.52 0.95 3.49 2.58 4.79 0.73 5.25 0.85
Hg ppm 0.24 0.35 <0.1 - <0.01 - 0.11 0.16 0.27 1.02 <0.01 -
Mo ppm 1.18 0.79 1.77 3.38 2.21 2.59 0.82 1.32 1.26 0.92 0.89 0.81
Sb ppm 0.17 0.17 0.16 0.09 <0.1 - 2.25 5.79 1.87 3.68 2.36 9.95
Sc ppm 12.20 11.58 11.50 10.98 8.53 2.36 7.37 8.91 5.94 1.35 6.60 5.22
Se ppm <0.5 - <0.5 - <0.5 - <0.5 - <0.5 - <0.5 -
Sn ppm 3.53 1.20 4.50 3.08 1.87 1.26 2.68 2.20 4.53 3.31 4.92 2.95
Ta ppm 0.96 0.24 0.76 0.35 0.79 0.20 0.53 0.37 0.74 0.10 0.76 0.23
Tl ppm 0.43 0.14 0.60 0.39 <0.1 - <0.5 - 0.83 1.41 0.49 0.46
Th ppm 12.83 4.82 13.13 4.54 15.76 2.44 9.66 7.17 15.30 2.67 15.74 3.74
U ppm 4.88 1.56 4.64 1.61 5.87 1.04 3.55 2.10 5.54 1.01 6.10 1.55
V ppm 43.07 81.39 40.31 83.00 <8 - 29.47 62.60 <8 - 15.88 38.60
W ppm 1.93 1.07 28.71 89.97 2.17 3.17 6.53 7.47 8.18 5.01 7.27 5.92
La ppm 33.42 11.66 26.04 10.87 28.15 10.14 20.82 10.54 31.97 7.79 34.64 10.78
Ce ppm 68.01 24.11 52.42 21.94 56.98 19.58 40.08 22.10 60.98 15.83 67.80 20.16
Pr ppm 8.18 2.73 6.21 2.46 6.90 2.30 4.80 2.63 7.20 1.78 7.95 2.36
Nd ppm 31.53 9.92 24.47 9.47 27.49 9.39 18.64 9.84 27.82 6.43 30.48 9.49
Sm ppm 6.14 1.58 4.95 1.70 5.68 1.69 3.67 1.63 5.72 1.42 6.00 1.89
Eu ppm 0.89 0.22 1.88 2.04 0.66 0.33 2.08 2.18 2.47 1.26 0.97 0.39
Gd ppm 5.63 1.08 4.64 1.36 5.59 1.47 3.76 1.84 5.73 1.31 5.39 1.72
Tb ppm 0.95 0.28 0.78 0.24 0.95 0.24 0.63 0.35 0.91 0.20 0.88 0.25
Dy ppm 5.68 2.23 4.61 1.33 6.00 1.70 3.79 2.07 5.45 1.24 5.19 1.23
Ho ppm 1.20 0.58 0.99 0.32 1.33 0.37 0.80 0.39 1.11 0.22 1.12 0.26
Er ppm 3.59 1.70 2.97 0.90 4.28 1.11 2.43 1.12 3.52 0.71 3.41 0.69
Tb ppm 0.52 0.20 0.46 0.15 0.65 0.16 0.36 0.16 0.54 0.09 0.54 0.12
Yb ppm 3.56 1.52 3.11 1.02 4.50 0.99 2.41 1.13 3.55 0.60 3.61 0.75
Lu ppm 0.54 0.19 0.48 0.15 0.67 0.14 0.37 0.17 0.55 0.10 0.57 0.12
LOI % 1.87 0.72 0.73 1.00 0.35 0.20 8.54 12.11 1.58 0.91 1.80 0.80
Eu/Eu* 0.07 0.06 0.20 0.19 0.04 0.02 0.40 0.38 0.19 0.17 0.07 0.04
     1Notes: Eu/Eu* = EuN/(GdN + SmN)0.5
     1 Cordierite-biotite rock, 2 Garnet-biotite rock, 3 Gedrite-albite rock, 4 Skarn, 5 Quartz-garnet-pyroxene rock, 6 Sericitized rock.
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CHAPTER 3. AN IN-SITU LA-ICP-MS STUDY OF MAGNETITE ASSOCIATED WITH 
METAMORPHOSED BASE METAL SULFIDE DEPOSITS IN THE STOLLBERG ORE 
FIELD, BERGSLAGEN, SWEDEN: PROVENANCE AND EXPLORATION POTENTIAL 
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ABSTRACT 
 
The Paleoproterozoic Stollberg Zn-Pb-Ag plus magnetite ore field (~12 Mt) occurs in 1.9 Ga 
bimodal felsic and mafic rocks metamorphosed to the amphibolite facies. Mineralization is 
hosted by volcanic rocks and skarn, and consists of magnetite bodies and massive to semi-
massive sphalerite-galena and pyrrhotite (with subordinate pyrite, chalcopyrite, arsenopyrite, 
and magnetite). Magnetite occurs in sulfides, skarn, amphibolite, and altered metamorphosed 
rhyolitic ash-siltstone that consists of garnet-biotite, quartz-garnet-pyroxene, gedrite-albite, !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
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and sericitic rocks. Magnetite was derived from hydrothermal fluids (~250˚ – 400˚ C) that 
replaced limestone and rhyolitic ash-siltstone, and subsequently recrystallized during 
metamorphism. Utilization of discrimination plots (Ca+Al+Mn vs. Ti+V, Ni/(Cr+Mn) vs. 
Ti+V, Al/(Zn+Ca) vs. Cu/(Si+Ca)) and spider diagrams (median concentration of Mg, Al, Ti, 
V, Co, Mn, Zn and Ga) suggest that magnetite compositions in sulfides from the Stollberg 
ore field more closely resemble those from skarns found elsewhere rather than from 
metamorphosed volcanogenic massive sulfide deposits. Although spider diagrams show that 
magnetite compositions from various rocks types have similar patterns, suggesting that its 
formation was associated with a high water to rock ratio, principal component analyses 
indicate that the composition of magnetite from the same rock type in different sulfide 
deposits can be distinguished. This suggests that bulk rock composition also has a strong 
influence on magnetite chemistry. Principal component analyses also show that magnetite in 
sulfides has a distinctive chemical signature that allows it to be a prospective pathfinder 
mineral in the Stollberg ore field. 
 
1. Introduction 
 
Trace element studies of oxides, including gahnite (O’Brien et al., 2015a, b; Spry et 
al., 2015), hematite and maghemite (e.g., Schmidt Mumm et al., 2012), chromite (e.g., Pagé 
and Barnes, 2009), ilmenite (e.g., Dare et al., 2012), rutile (e.g., Clark and Williams-Jones, 
2014), and magnetite (e.g., Dupuis and Beaudoin, 2011; Nadoll et al., 2012, 2014) have been 
used to determine the provenance of their host rocks and to explore for various types of ore 
deposits. Of these oxides, trace element studies of magnetite (Fe3O4) have been the most 
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common, as magnetite occurs in a wide variety of geological settings including skarn, 
hydrothermal and magmatic ore deposits, glacial till, and iron formation. The composition of 
magnetite is particularly useful for evaluating ore-forming processes, as its composition is 
controlled by numerous factors, including: temperature, source rock/fluid composition, 
oxygen and sulfur fugacity, silicate and sulfide activity, host rock buffering, re-equilibration 
processes, and intrinsic crystallographic controls (i.e., ionic radius and charge balance) (e.g., 
Nadoll et al. 2014). Magnetite-bearing ore deposits include Ni-Cu-PGE, BIF, iron oxide-Cu-
Au (IOCG), skarn, porphyry Cu, Fe-REE-Nb, Cu-Au-Fe, iron oxide-apatite, and 
volcanogenic massive sulfide deposits (VMS) (e.g., Acosta-Góngora et al., 2014; Chen et al., 
2014; Chung et al. 2014; Dare et al., 2012; Dupuis and Beaudoin 2011; Huang et al., 2014; 
Makvandi et al., 2015; Nadoll et al., 2012; Pagé and Barnes, 2009; Pisiak et al. 2015; Xu et 
al., 2014; Zhao et al., 2014).  
 Despite the presence of magnetite in VMS deposits and spatially related exhalative 
iron formations, trace element studies of magnetite in these settings are limited in number but 
include those of Singoyi et al. (2006), Kamvong et al. (2007), Dupuis and Beaudoin (2011), 
and Makvandi et al. (2013a, b). Singoyi et al. (2006) and Kamvong et al. (2007) obtained the 
composition of magnetite from various VMS, skarn, IOCG, and Broken Hill-type Pb-Zn 
deposits using proton-induced X-ray and gamma ray emission analyses and showed that they 
can be distinguished on the basis of a plot of Sn/Ga vs. Al/Co. Dupuis and Beaudoin (2011) 
proposed that the average composition of magnetite from 17 VMS deposits and the Faro 
sedimentary exhalative deposit in Al/(Zn+Ca) - Cu/(Si+Ca) space can be distinguished from 
the average composition of magnetite from Fe-Ti, Cr, Cu vein, IOCG, Kiruna-type, banded 
iron formations, porphyry Cu, skarn, and magmatic Ni-Cu deposits. Included in this group of 
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VMS deposits are Ducktown and Garpenberg, which were metamorphosed to the 
amphibolite facies. In their study, Dupuis and Beaudoin (2011) only used samples from 
mineralized rocks that contained sulfides. Makvandi et al. (2013a, 2015) focused on both 
mineralized and unmineralized rocks from the Izok Lake Zn-Pb-Cu-Ag (Nunavut) and 
Halfmile Lake Zn-Pb-Cu (New Brunswick) VMS deposits, which were metamorphosed to 
the amphibolite and greenschist facies, respectively. They argued that variability in trace 
element composition of magnetite in samples of massive sulfides, altered rocks, less altered 
host rocks, and till from both locations was due to differences in geological setting and 
grades of metamorphism. Makvandi et al. (2013b) further showed that the composition of 
magnetite in massive sulfides, altered gahnite-rich dacite, gabbro, and iron formation in the 
Izok Lake area could be distinguished using principal component analyses. 
 The present study aims to expand upon earlier studies of hydrothermal magnetite 
associated with metamorphosed massive sulfide deposits (e.g., Dupuis and Beaudoin, 2011; 
Kamvong et al., 2007; Makvandi et al., 2013a, b, 2015; Singoyi et al., 2006) and skarn 
deposits (e.g., Dare et al., 2014; Dupuis and Beaudoin, 2011; Zhao and Zhou, 2015) by 
evaluating the trace element chemistry of magnetite in metamorphosed carbonate-associated 
massive sulfide deposits (Gränsgruvan, Tvistbo, Norrgruvan, Cedercreutz, Baklängan, 
Dammberget) in the Paleoproterozoic Stollberg Zn-Pb-Ag plus magnetite ore field, Sweden. 
Magnetite occurs in massive sulfides, different types of altered rocks (mainly altered 
rhyolitic ash-siltstone and limestone), mafic intrusions, and massive magnetite bodies. The 
sulfide occurrences at Stollberg were considered by Jansson et al. (2013) to be 
metamorphosed, hydrothermal-exhalative and carbonate replacement deposits, but have 
features that superficially resemble both skarn and VMS deposits. This study specifically 
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assesses: 1. The trace element chemistry of magnetite in different rock types associated with 
metamorphosed sulfide occurrences, 2. Whether or not the composition of magnetite can be 
used as a pathfinder to ore in the Stollberg ore field, and 3. The use of discrimination 
diagrams as indicators of provenance and ore deposit type. 
 
2. Regional geology 
 
The Paleoproterozoic Bergslagen mining district occurs in a supracrustal 
metavolcanic (predominantly calc-alkaline rhyolite)-metasedimentary province (1.91-1.75 
Ga) on the Fennoscandian Shield in south-central Sweden, along with pre- to post-tectonic 
intrusive rocks (1.90-1.87 Ga) (Allen et al., 1996; Stephens et al., 2007). It hosts a variety of 
ore deposit types including polymetallic Zn-Pb-Ag-(Cu)-(Au) sulfide and iron oxide 
deposits, banded iron formation, apatite Fe, skarn, Mn oxide, Ni-Cu-PGE, Sn greisen, and 
granite-pegmatite hosted molybdenite deposits (Allen et al., 2008; Stephens et al., 2009). 
They are typically hosted by hydrothermally altered metavolcanic rocks and associated 
metacarbonates (Allen et al., 1996). The Bergslagen district underwent amphibolite-grade 
metamorphism (with local areas of granulite and greenschist facies) during the Svecokarelian 
orogeny (1.89-1.75 Ga), in association with four main phases of deformation that included 
rifting, isoclinal folding, shear-zone formation, and widespread tight to isoclinal folding 
(Stephens et al., 2009; Beunk and Kuipers, 2012), followed by extensive regional Na or K 
alteration (Frietsch, 1982; Lagerblad and Gorbatschev, 1985). According to Allen et al. 
(1996), the Bergslagen district represents an extensional, continental margin, back-arc region 
developed on continental crust. Felsic pyroclastic and volcaniclastic material was deposited 
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in a shallow marine basin by numerous caldera volcanoes, and stromatolite and microbial 
reef growth developed carbonate horizons during periods of relative volcanic inactivity 
(Allen et al., 2003).  
 Although base and precious metals (i.e., Pb, Zn, Cu, Au, Ag) have been mined in the 
Bergslagen district (e.g., Falun, Garpenberg, Sala, Zinkgruvan, Stollmalmen), iron ore has 
historically been economically most important. The iron deposits in the district have 
traditionally been divided into categories based on their phosphorous (or apatite) content and 
style of mineralization (Geijer and Magnusson, 1944). Deposits with substantially <0.2 wt. % 
P include hematite-magnetite banded iron formation and skarn-limestone magnetite ores, and 
those with >0.2 wt. % P are classified as massive apatite-rich magnetite ores and 
disseminated apatite-bearing magnetite ores. Banded iron formation is typically subdivided 
into Mn-rich (>1 wt. %) and Mn-poor (<1 wt. %) types. Allen et al. (2008) divided the Fe 
oxide deposits into two types, the first of which is hosted by Mn-poor skarn or marble and is 
up to 50 m wide. These occur mostly in the supracrustal rocks in the central-western parts of 
the Bergslagen district and are the most common type of Fe oxide occurrence. The second 
type occurs in Mn-rich skarns, or, more commonly, marble that is typically higher in the 
stratigraphic sequence in the Bergslagen district than the first type.  
 
3. Local geology 
 
A regional N-S trending, steeply dipping, F2 syncline (herein referred to as the 
Stollberg syncline) occurs in the Bergslagen district, approximately 4 km NE of the village of 
Ludvika, and is spatially associated with more than a dozen base metal and magnetite 
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deposits in the Stollberg ore field (Fig. 1). Ore is hosted by bimodal felsic and mafic rocks, 
spatially associated with marble and skarn that were metamorphosed to the amphibolite 
facies (560-600˚C and 2-3.5 kbar; Beetsma 1992; Björklund 2011; Jansson et al., 2013). 
Details of the local geology are described in detail by Ripa (1988, 1994, 2012) and Jansson et 
al. (2013) and are only summarized here.  
 Jansson et al. (2013) defined two stratigraphic successions on the eastern side of the 
syncline: Stollberg and Staren. The Staren succession consists of >200 m of massive 
metamorphosed quartz-feldspar rhyolitic sandstone that is overlain by the Staren limestone, 
which consists of coarse-grained locally pure marble that was, in places, altered to epidote- 
actinolite- and hedenbergite-bearing skarn. Interbeds of metamorphosed rhyolitic siltstone 
are also present. A mixture of rhyolitic and calcareous sandstones, breccias, and 
conglomerates overlie the Staren limestone. In this study, the term skarn is used in the same 
manner as Jansson et al. (2013) and refers strictly to stratabound or stratiform calc-silicate 
rock that contains clinopyroxene, garnet, and/or clinoamphibole, without any necessary 
genetic link to igneous intrusions. 
 The Staren and Stollberg successions are separated by a rhyolitic intrusion that was 
affected by Na-alteration. The base of the Stollberg succession consists of approximately 500 
m of phyric rhyolitic pumice breccia-sandstone that was hydrothermally altered and 
subsequently metamorphosed. This rock grades into the Stollberg limestone, which hosts 
most of the base metal sulfide deposits (Table 1). Near sulfides, the limestone is altered to 
skarn, but where least altered, it consists of dolomitic and Mn-bearing marble. Over 700 m of 
metamorphosed planar-bedded rhyolitic ash silt-sandstone complete the succession and was 
hydrothermally altered to various intensities and subsequently metamorphosed to produce an 
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array of metamorphosed altered rocks (e.g., Jansson et al., 2013; Ripa, 1988, 1994, 2012). 
Amphibolite sills with a basaltic composition occur within the Stollberg succession 
(Björklund 2011). Both the Stollberg and Staren successions were subsequently crosscut by 
diabase sills and dikes.  
 
3.1 Mineralogy of magnetite-bearing rocks 
  
 Ore deposits are of three types in the Stollberg ore field (Selinus, 1983): 1. Magnetite-
bearing iron formation with variable amounts of base metal sulfides (e.g., Cedarcreutz, 
Stollmalmen), 2. Disseminated to semi-massive sulfides ores in marble/skarn (e.g., 
Dammberget, Lustigkulla, Brusgruvan), and 3. Mn-bearing limonite-magnetite ore between 
the Stollmalmen and Brusgruvan deposits. Metamorphosed altered rocks are spatially 
associated with base metal sulfide deposits and include quartz-garnet-pyroxene, skarn, 
garnet-biotite, gedrite-albite, cordierite-biotite, siliceous, sericitic, and quartz-fluorite rocks 
(Table 1). Detailed descriptions of the metamorphosed altered rock types from the eastern 
limb of the Stollberg syncline are given in Ripa (1988, 1994, 2012) and Jansson et al. (2013), 
whereas those spatially associated with the Gränsgruvan deposit, on the western side of the 
syncline, are summarized in Björklund (2011) and Raat et al. (2013). Magnetite is present as 
irregular or layered masses, or as disseminations in sulfides, in the Staren limestone, skarn, 
banded iron formation, magnetite-rich conglomerate, and quartz-garnet-pyroxene, garnet-
biotite, sericite-garnet-magnetite and gedrite-albite altered rocks. The mineralogy of the 
magnetite-bearing rocks studied here is given in Table 2 and summarized below. 
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Magnetite is intergrown with sulfides in all base metal occurrences except for 
Brusgruvan (Fig. 2A-D). Jansson et al. (2013) reported massive magnetite bodies grading 
into marble at Stollmalmen, as well as veined magnetite in the marble. At Cedercreutz, 
massive magnetite contains porphyroblasts of knebelite, whereas in the Marnäs deposit semi-
massive magnetite is hosted by Al-rich skarn (Jansson et al., 2013). Although magnetite at 
Dammberget occurs primarily as disseminations in sulfide zones containing pyrrhotite and 
minor chalcopyrite (Fig. 2A, B), there are layers of magnetite, quartz, garnet, biotite, and 
cummingtonite-grunerite, with lesser pyrite and chalcopyrite and secondary chlorite and 
sericite, just to the east of Dammberget in metamorphosed weakly altered rhyolitic ash-
siltstone. 
At Gränsgruvan, the main zone of sphalerite-galena-pyrite mineralization lies 
stratigraphically between quartz-garnet-pyroxene and sericite altered rocks. Below these 
rocks, within sericite and silica altered rocks, is a pyrite-pyrrhotite zone that contains minor 
amounts of chalcopyrite and magnetite. Although quartz-garnet-pyroxene rocks at 
Gränsgruvan consist primarily of quartz, garnet, and diopside/hedenbergite with lesser 
amounts of biotite, microcline, clinoamphibole, and calcite, rare magnetite occurs with garnet 
and tremolite. Both magnetite and garnet are crosscut by tremolite.  
Magnetite in sulfide mineralization at Green Hill, two km northwest of the 
Gränsgruvan deposit, is intergrown with galena, sphalerite, and minor pyrite and pyrrhotite. 
Sulfides are hosted by actinolite, garnet, and clinopyroxene. Similar to other deposits, 
magnetite contains inclusions of sulfides. 
 Skarn in the Stollberg ore field is a calc-silicate rock typically composed of 
clinopyroxene, calcite, garnet, and clinoamphibole, with lesser amounts of biotite, muscovite, 
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and microcline, and rare gahnite and fluorite. On the eastern side of the Stollberg syncline, 
skarn primarily hosts sulfide mineralization, with altered magnetite-bearing marble present in 
the hanging wall and footwall of the sulfide zone. At Dammberget, skarn contains 
disseminated, anhedral magnetite with calcite, diopside/hedenbergite, and muscovite, 
whereas finer grained skarn at Cedercreutz contains calcite, phlogopite, and chlorite with 
disseminated grains of magnetite that contain inclusions of these three minerals (Fig 2E, F). 
Magnetite-bearing skarn from Baklängan contains disseminated sulfides, primarily 
sphalerite, pyrrhotite, and chalcopyrite, along with calcite, diopside/hedenbergite, magnetite, 
actinolite, hornblende, chlorite, and garnet.  
At Gränsgruvan, skarn occurs in the hanging wall and footwall of the ore zone but is 
devoid of sulfides. Instead, it contains magnetite as isolated grains in calcite, garnet, 
diopside/hedenbergite, and actinolite. To the north of Gränsgruvan, a skarn-like rock at 
Norrgruvan is composed of calcite, quartz, microcline, and anthophyllite, with locally 
abundant sericite, diopside/hedenbergite, garnet, hornblende, and disseminated magnetite. 
Though rare at Stollberg, magnetite at the Norrgruvan prospect is locally altered to hematite 
(Fig. 2G). The Tvistbo prospect contains sphalerite, galena, and magnetite with minor 
quantities of pyrrhotite, chalcopyrite, and pyrite, hosted by skarn rock consisting of calcite, 
biotite, garnet, actinolite, diopside/hedenbergite, and quartz. Magnetite contains inclusions of 
calcite.  
On the eastern limb of the Stollberg syncline, in the Staren limestone, euhedral 
magnetite occurs in skarn-altered marble, which consists primarily of calcite, epidote, 
actinolite, Mg-hedenbergite, chlorite, and sericite. Skarn in banded iron formation at Green 
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Hill contains calcite and clusters of tremolite with minor pyrrhotite, magnetite, 
diopside/hedenbergite, and chalcopyrite. 
 Garnet-biotite rocks are almost as widespread as skarn, and are also commonly 
associated with magnetite-bearing sulfides. At Dammberget, these rocks contains garnet, 
biotite, quartz, fibrolite, and muscovite, with lesser amounts of fluorite, grunerite, gahnite, 
pyrrhotite, chalcopyrite, and subhedral to anhedral magnetite. Magnetite-rich lenses 
composed of magnetite, quartz, and garnet also occur on the eastern limb of the Stollberg 
syncline (Fig. 2H). 
 Gedrite-albite rocks occur on the eastern limb of the Stollberg syncline in a zone that 
stretches from just north of the Cedercreutz deposit to more than 1 km south of the 
Brukgruvan deposit. They occur stratigraphically beneath these deposits and are composed of 
fine-grained quartz, acicular to radiating ferrogedrite, and plagioclase, with rare cordierite, 
epidote, and fine-grained euhedral to subhedral magnetite. 
According to Jansson et al. (2013), a bed of magnetite-rich mafic conglomerate in the 
Staren limestone contains actinolite-, epidote-, and magnetite-bearing skarn, with clasts of 
bimodal mafic and felsic volcanic material. A sample collected here from the Staren 
limestone (SSF15 354.0) contains fine-grained magnetite, microcline, and biotite with minor 
epidote.  
Magnetite is also present in mafic sills either as small masses or as disseminations. A 
mafic sill at Dammberget consists primarily of ferroactinolite, with disseminated magnetite, 
pyrrhotite, and chalcopyrite, and minor plagioclase.  
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4. Sampling and analytical methods 
  
Magnetite-bearing samples were collected from drill core from the Gränsgruvan, 
Tvistbo, Norrgruvan, Cedercreutz, Baklängan, and Dammberget deposits, and the Staren 
limestone, as well as from surface outcrops in banded iron formation associated with the 
Green Hill Fe deposit (Fig. 1). A total of 340 polished thin sections were examined with an 
Olympus BX-60 dual reflected-transmitted light microscope. Electron microprobe analysis 
(EMPA) of magnetite was carried out at the University of Minnesota using a JEOL 8900 
electron probe microanalyzer at an accelerating voltage of 15 kV and a beam current of 20 
nA. Trace element concentrations of magnetite in 37 samples were measured at the U.S. 
Geological Survey in Denver, Colorado using laser ablation-inductively coupled plasma-
mass spectrometry (LA-ICP-MS) with a New Wave Research UP-193 FX LA system (193 
nm excimer) coupled to a PerkinElmer DRC-e ICP-MS. Magnetite was ablated at a beam 
diameter of 30, 65, or 135 µm depending on grain size and the presence of mineral 
inclusions. Analyses were calibrated using synthetic glass reference standards GSD-1G and 
NKT-1G from the U.S. Geological Survey. Values of FeO from EMPA analysis were used 
for internal standardization. Fifty one elements were analyzed with Mg, Al, Ti, V, Cr, Mn, 
Co, Zn, Ga, Ni, Ge and Sn generally above detection limits, whereas Li, Na, Si, P, K, Ca, Sc, 
Cu, As, Rb, Sr, Y, Zr, Mo, Ag, Cd, Sb, Ba, W, Pb, Bi, Th, U and the REEs were generally 
near or below detection limits. This list includes the non-spinel elements, Si, Ca, and the 
REEs, which are useful for data screening and the identification of analyses that are affected 
by inclusions some of which may be submicroscopic in size (e.g., Nadoll et al., 2014; Dare et 
al., 2014; Pisiak et al., 2015). The detection limits are given in Table 3. 
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5. Magnetite chemistry  
 
5.1 Trace element compositions 
  
A total of 442 magnetite analyses were obtained from eight types of altered rock. The 
median concentrations of the twelve most abundant trace elements (Al, Co, Cr, Ga, Ge, Mg, 
Mn, Ni, Sn, Ti, V, and Zn) for each sample are shown in Table 4, with the complete data set 
available in a digital supplement that accompanies this paper.  
 Skarn is host to ore along the eastern side of the syncline and at Tvistbo, where 
magnetite is a common accessory mineral. More compositional data were collected from 
magnetite in skarn (274 analyses from 15 samples) than from any other rock type. When 
compared to the trace element compositions of magnetite from other altered rock types in the 
Stollberg ore field, magnetite in skarn generally has among the highest Mg, Mn, Ni, and Cd 
contents, and the lowest concentrations of Ga and Zr. Samples from altered Staren limestone 
were collected from two drill holes (SSF16 and SSF7), approximately two km apart, which 
are not spatially associated with sulfide mineralization. On average, magnetite in 
marble/skarn from the Staren limestone contains the highest concentration of Co and among 
the lowest concentrations of Mn and Ti compared to magnetite from other skarns. In going in 
a clockwise direction around the Stollberg syncline, starting from Norrgruvan in the north to 
deposits on the eastern limb of the Stollberg syncline (i.e., Norrgruvan, Tvistbo, Cedercruetz, 
Baklängan, and then Dammberget), there is a steady increase in the median content of Mg in 
magnetite. For the same sequence of deposits, the concentration of Al increases, with the 
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highest values occurring in magnetite from Baklängan, which then decreases in magnetite at 
Dammberget. Magnetite in sulfide-bearing skarn from Tvistbo, Cedercreutz, Baklängan, and 
Dammberget has elevated concentrations of Sn. Magnetite from the Gränsgruvan, Tvistbo, 
and Baklängan contains elevated values of Ga, whereas magnetite in the Gränsgruvan and 
Dammberget deposits is enriched in Zn. The composition of magnetite in skarn at 
Gränsgruvan, which is not spatially associated with sulfides, has the highest concentrations 
of Mg and Ga, as well as elevated levels of Al. 
 Magnetite in sulfide mineralization from the Dammberget, Gränsgruvan, Tvistbo, and 
Green Hill deposits is generally enriched in Mn (particularly at Tvistbo; ~9,000 ppm), Sb (up 
to 9.8 ppm, 7.6 ppm, and 5.5 ppm at Tvistbo, Dammberget and Green Hill, respectively), and 
Mo (up to 9.6 ppm), relative to magnetite in all other rock types, except for skarn which can 
also contain elevated concentrations of Mo (up to 8.1 ppm).  Where elevated in Mo, samples 
of magnetite are also generally enriched in Zn. Magnetite in garnet-biotite rock is generally 
depleted in trace elements relatively to other altered rocks types, particularly in sample 
GGR142 408.4 from the Gränsgruvan deposit.  Magnetite in the remaining seven garnet-
biotite samples are from the Dammberget deposit that is, in general, relatively depleted in Ti, 
V, Mn, Co, Zn, Ni, Cu, Mo, Cd, and Pb, except for magnetite in sample SSF26 841.0, which 
occurs in close proximity to sulfide mineralization and is enriched in Al, Ti, Zn, Ga, and Sn.  
 Relative to most other altered rocks, magnetite in a sample (GGR136 180.3) of 
quartz-garnet-pyroxene rock from the Gränsgruvan deposit contains elevated concentrations 
of Ti, Mn, Zn, Co, and W, and lower amounts of Cr, Na, Cu, Sb and Ba. Magnetite in a 
sample of matrix-supported mafic polymict conglomerate (SSF15 354.6) spatially associated 
with the Staren limestone contains the highest V (1550 ppm), Co (28.4 ppm), and Cr (66 
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ppm), and the lowest Zn (38 ppm) of any rock analyzed here. Magnetite is also among the 
most depleted in Mg (29 ppm), Al (130 ppm), Ga (6 ppm) and Sn (2 ppm).  
 Magnetite in a sericitically altered garnet-magnetite rock from Norrgruvan (DBH 
82004 147.6) contains the lowest Mg content (14 ppm) and among the highest concentrations 
of V (242 ppm), Ga (175 ppm), and Co (6.6 ppm). Magnetite in amphibolite (SSF26 861.0) 
near the ore zone at Dammberget contains low amounts of trace elements but contains the 
highest concentration of Ge (26 ppm) and is enriched in Ga and Cr, but depleted in Mg, Al, 
Co, Li, Na, Ca, Ni, Cu, Zr, Cd, and Pb.  
 Ferrow and Ripa (1991) proposed that minor magnetite in gedrite-biotite-albite rocks 
in the footwall of the Stollberg ore trend on the eastern limb of the Stollberg syncline formed 
during retrograde metamorphism as a secondary mineral. Magnetite in a gedrite-biotite-albite 
rock in the footwall of the Dammberget deposit in sample SSF28 356.1 contains among the 
highest Al (4263 ppm), Co (11. 5 ppm), and Ga (372 ppm) and lowest Mg (30 ppm) and Mn 
(105 ppm) concentrations, whereas that in sample SSF30 553.8 contains similar 
concentrations of Al (3860 ppm) and Mn (174 ppm), but lower Ga (51 ppm) and Co (1.0 
ppm) contents. 
  
6.2 Principal component analysis    
  
Trace element compositions of magnetite were discriminated using principal 
component analysis (PCA), a statistical technique that is used to identify patterns in datasets 
with many variables. It reduces a multivariate data set into a two-dimensional representation 
of variance that allows the user to more easily determine which factors contribute most to 
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change within the data set,. Makvandi et al. (2015) applied PCA to the trace element 
compositions of magnetite in the Izok Lake and Halfmile Lake VMS deposits as a means of 
discriminating between deposits and rock types, and proposed that the most important 
discriminator elements in magnetite from VMS deposits are Al, Ca, Co, Cr, Ga, Mn, Mg, Ni, 
Si, Ti, Zn, and Zr.  For magnetite analyzed in the present study, Al, Co, Cr, Ga, Mg, Mn, Ni, 
Sn, Ti, V, and Zn were most commonly above detection limits, with Ca, Si, and Zr generally 
below detection limits. Data gathered via LA-ICP-MS were pretreated to avoid problems 
associated with the constant-sum constraint and to correct for heteroscedasticity using a 
centered log-ratio transformation in CoDaPack version 2.01.8 (Comas-Cufí and Thió-
Henestrosa, 2011). Pretreated data were then subjected to PCA in JMP Pro version 11.0.  
For the present study, we included censored geochemical data, which contains values 
below detection limits for some elements. The censored data were substituted with values 
equal to the detection limit/!2 for a given element, which according to Croghan and Egeghy 
(2003) and Verbovsek (2011) produces a mean value of the population that is close to the 
statistical mean of the censored data. Based on the statistical studies of Hron et al. (2010), 
populations with up to 40% censored data can be evaluated. We conducted a PCA on the 
eleven most abundant elements listed above for 435 of 442 LA-ICP-MS analyses obtained 
here (Fig. 3A).   
 For the PCA, component 1 accounts for 32.1% of variance and negatively correlates 
V, Cr, Co, and Ni, with Al, Ti, Zn, Ga, and Sn (Fig. 3B). Component 2 represents 20.4% of 
variance and shows that Mn and Mg negatively correlate with Al, Co, Ga, Ti, and V. 
Magnetite from Tvistbo and Gränsgruvan have similar scores, regardless of rock type, 
whereas magnetite scores from the Dammberget and Norrgruvan deposits are more scattered. 
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The composition of magnetite in garnet-biotite and gedrite-albite rocks from Dammberget, 
which have high component 2 scores, is dictated by the presence Ga and Al. Magnetite in 
magnetite-rich conglomerate from Staren has component 1 scores <0 and component 2 scores 
near 0 that can be distinguished from magnetite from other locations.  
 Because of the high number of magnetite compositions obtained here, scores from 
various rock types in Figure 3A overlap and are difficult to distinguish. The scores for 
magnetite in six samples of garnet-biotite rocks (n = 106) from Dammberget (Fig. 4A), six 
samples of sulfide mineralization (n = 95) from Tvistbo, Dammberget, Gränsgruvan, and 
Green Hill (Fig. 4B), and thirteen samples of skarn (n = 274) from the Staren limestone, and 
the Gränsgruvan, Norrgruvan, Tvistbo, Baklängan, Cedercreutz, and Dammberget deposits 
are also shown (Fig. 4C). Magnetite in garnet-biotite rocks from Dammberget cluster near 
zero for components 1 and 2 with some data showing positive values, whereas magnetite 
scores in garnet-biotite rocks overlap with some samples from Gränsgruvan and have 
component 2 scores between -1 and 0.  
 PCA scores for magnetite in sulfide mineralization from Tvistbo, Dammberget, 
Gränsgruvan, and Green Hill are somewhat clustered with magnetite from Gränsgruvan 
being characterized by component 1 and 2 showing scores <0, whereas component 1 and 2 
scores for magnetite from Dammberget are primarily >0 and controlled largely by the 
presence of Al, Ga, Sn, and Ti. PCA scores for magnetite in sulfides from Tvistbo, Green 
Hill, and some data from Dammberget exhibit component 1 scores > 1 and component 2 
scores mostly between -1 and 0.  
 Magnetite in skarns from the Staren limestone and Norrgruvan, which show no 
spatial association to sulfides, exhibit component 1 scores that overlap and are <0, whereas 
! "")!
magnetite in skarn from Baklängan, Dammberget, Tvistbo, and Cedercreutz, which are 
associated with sulfides, as well as Gränsgruvan, which is not associated with sulfides, plot 
near the center of the score plot and generally have component 1 scores between 0 and 2.  
 
7. Discussion 
 
7.1 Composition of magnetite  
 
 Ripa (1996, 2012) and Jansson et al. (2013) proposed that sulfides in the Stollberg ore 
field are products of hydrothermal-exhalative activity and formed as a result of sub-seafloor 
replacement of carbonate. Iron ore initially accumulated as Fe- and Mn-rich hydrothermal 
sediment and other rhyolitic and calcareous detritus settled in a shallow marine basin, 
followed by sulfide deposition as the hydrothermal system was steadily buried. Based on the 
sulfide assemblage and positive Eu anomalies in metamorphosed hydrothermal sediments, 
vent temperatures of >250˚C were likely, with most of the ore-forming components being 
derived from felsic volcaniclastic rocks prior to metamorphism. Magnetite in sulfide 
mineralization and some samples of garnet-biotite and gedrite-albite rocks contain inclusions 
of sulfides, and suggest that magnetite replaced pre-existing sulfides, and was subsequently 
metamorphosed (Fig. 2A-D). Ferrow and Ripa (1991) proposed that additional magnetite 
formed during retrograde metamorphism as gedrite was altered to chlorite and quartz. 
Petrographic analyses and carbon and oxygen isotope studies of calcite in Staren limestone 
suggested to Allen et al. (2003) and Jansson et al. (2013) that it is a marine stromatolitic 
limestone locally altered by hydrothermal fluids. Part of the alteration process added 
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magnetite to both the Staren and Stollberg limestones and developed skarn-hosted sulfide 
mineralization in the latter. Magnetite in skarn rocks is generally devoid of inclusions of 
sulfides (Fig. 2E, F).  
Dupuis and Beaudoin (2011) recently proposed a series of discrimination diagrams 
that can be used to distinguish between several deposit types (e.g., iron oxide-copper-gold 
(IOCG), skarn, banded iron formation, porphyry copper, magmatic nickel, magnetite apatite) 
based on the median trace element compositions of magnetite. Such diagrams are considered 
useful as a means to identify the provenance of magnetite and to serve as a potential 
exploration guide to ore deposits, especially where magnetite is found in surficial sediments 
including glacial, soil, and alluvial sediments (e.g., Pisiak et al., 2014; Makvandi et al., 
2015). A plot of individual trace element compositions of magnetite in sulfide mineralization, 
skarn, amphibolite, magnetite-rich conglomerate, and garnet-biotite, gedrite-albite, sericite-
garnet-magnetite, and garnet-pyroxene rocks from the Stollberg ore field, as a function of 
Ca+Al+Mn vs. Ti+V, show that the composition of magnetite broadly overlaps the skarn 
field of Dupuis and Beaudoin (2011, Fig. 6, p. 328), although magnetite in some samples of 
sulfide mineralization from Dammberget and BIF from Green Hill plot in the porphyry field 
(Fig. 5A). When plotted in terms of Ni/(Cr+Mn) vs. Ti+V (Fig. 5B), magnetite compositions 
from the Stollberg ore field fall within the skarn field of Dupuis and Beaudoin (2011, Fig. 5, 
p. 327). However, the Ni/(Cr+Mn) values are less than those shown on Figure 5 of Dupuis 
and Beaudoin (2011). Note that when magnetite from these same samples is plotted as a 
function of Al/(Zn+Ca) vs Cu/(Si+Ca), which Dupuis and Beaudoin (2011; Fig. 4, p. 327) 
used to discriminate magnetite in VMS deposits from other ore types, there is no overlap in 
the composition of magnetite from Stollberg with that from VMS deposits (Fig. 5C). This is 
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because Cu, Si, and Ca contents of magnetite from Stollberg commonly occur near or below 
detection limits. When Cu and Ca are above detection limits, Ca generally has a much higher 
concentration than Cu. 
  Dare et al. (2014) generated a spider diagram for magnetite that incorporates the 25 
most common trace elements generally present in magnetite. They ordered these elements 
based on their compatibility into magnetite in silicate magma, so that the concentration of 
trace elements should increase from left to right. Any variation from this increase was due to 
other factors that control magnetite composition. Dare et al.’s (2014) data were normalized to 
bulk continental crust of Rudnick and Gao (2003), which was chosen for its compositional 
similarities to a magmatic/hydrothermal magnetite source. In evaluating the trace element 
composition in different geological settings, Dare et al. (2014) suggested that compatible 
element concentrations (e.g., Ni, V, Co, Zn, Mn, and Sn) in magnetite derived from high-
temperature hydrothermal fluids (500-700˚C) were higher than in magnetite derived from 
low-temperature fluids (<500˚C) fluids. The median composition of magnetite from high-
temperature deposits (i.e., porphyry, IOCG, magnetite-apatite, Fe-Ti-V) derived from Dare et 
al. (2014, Fig. 1, p. 790) are plotted in Figure 6 along with median compositions of magnetite 
they analyzed from low-temperature deposits (Fe skarn, Ag-Pb-Zn veins, banded iron 
formation). In addition, the range of magnetite compositions analyzed from sulfide 
mineralization in the Dammberget, Tvistbo, and Gränsgruvan deposits, and the Izok Lake 
Zn-Pb-Cu-Ag VMS (Makvandi et al., 2013), Dongyuan and Tengtie Fe skarn (Zhao and 
Zhou, 2014) and Vegas Peledas retrograde Fe-skarn deposits (Dare et al., 2014) are also 
shown. Izok Lake occurs in an Archean-age bimodally felsic and mafic terrane 
metamorphosed to amphibolite facies, with magnetite occurring in a variety of rock types 
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including massive sulfides, gabbro, syenite, and glacial till, whereas magnetite in the Vegas 
Peledas deposit occurs as masses in calcic Fe-skarn associated with diorite to granite 
intrusions. Dare et al. (2014) proposed that these compatible elements were depleted in 
magnetite derived from lower temperature fluids as compared to higher temperature fluids 
due to their low solubility at lower temperatures. Despite this, there are concerns with this 
suggestion because the trace element pattern of magnetite from the Izok Lake deposit, which 
formed from lower temperature hydrothermal fluids (likely <400˚C), have normalized 
concentrations that are greater for Mg, Mn, Co, and Zn than magnetite derived from high-
temperature fluids. The composition of magnetite from the Vegas Peledas Fe skarn overlaps 
that derived from low-temperature fluids, whereas magnetite in sulfides from the Stollberg 
district overlap both the low- and high-temperature fields for magnetite. Compared to trace 
element concentrations of Mg, Al, Ti, V, Cu, Mn, Zn, and Ga in magnetite from the 
Dongyuan and Tengtie Fe skarn deposits (Zhao and Zhou, 2014), sulfides from Ag-Pb-Zn, 
porphyry Cu-Mo, Mg skarn, and skarn deposits, as well as the Izok Lake VMS deposit 
obtained by Makvandi et al. (2013), the composition of magnetite from sulfides in the 
Tvistbo, Dammberget, and Gränsgruvan deposits are more similar to those from the Mg 
skarn deposit they chose and Fe skarns from China. Compared to magnetite from the Izok 
Lake deposit, Mg, Zn, Co, and Ga in magnetite from the Stollberg ore field are more 
enriched whereas Al, Ti, and V are more depleted (Fig. 7). Similarly, compositions of 
magnetite in sulfide mineralization from the Stollberg ore field that are normalized to 
continental crust compositions show a pattern more similar to that from Mg and Fe skarns. 
Compared to Izok Lake, samples from Stollberg are more enriched in Hf, Sc, and V, and 
depleted in Ca, Y, P, Cu, Mg, and Co (Fig. 6). Compared to samples from the Stollberg ore 
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field, a single sample of magnetite from the Vegas Peledas skarn deposit is within the range 
of Stollberg magnetite compositions except that Si and Ca are more enriched and Sn is more 
depleted in magnetite from Vegas Peledas. 
In a study of porphyry Cu deposits in British Columbia, Pisiak et al. (2015) showed 
that the composition of magnetite in igneous rocks could be distinguished from magnetite in 
hydrothermal deposits on the basis of Sn versus Ti. Regardless of the host rock of magnetite 
in the Stollberg ore field, nearly all magnetite plots within the hydrothermal field of Pisiak et 
al. (2015), even though it is likely that the hydrothermal deposits they studied were derived 
from higher temperature fluids, using the terminology of Dare et al. (2014), whereas those in 
the Stollberg ore field were derived from lower temperature fluids (Fig. 8A). Pisiak et al. 
(2015) questioned the use of the magmatic versus hydrothermal magnetite discrimination 
diagram of Dare et al. (2015) that plots the composition of magnetite as a function of Ti vs. 
Ni/Cr. As was shown by Pisiak et al. (2015) and also shown here in Figure 8B, the data fail 
to distinguish magmatic magnetite from hydrothermal magnetite, even though Dare et al. 
(2014) included the trace element compositions of magnetite from high- and low-temperature 
hydrothermal deposits. Although the data set for magnetite from the Stollberg ore field 
includes its composition from all rock types analyzed here, magnetite from sulfide 
mineralization plots within both the magmatic and hydrothermal fields. Other discrimination 
diagrams have been used in the literature to differentiate between igneous and hydrothermal 
magnetite (e.g., Nadoll et al., 2012), and include a plot of Ti vs. Al proposed by Canil et al. 
(2015), which utilizes the temperature dependence and relative immobility of Ti and Al as a 
means for discrimination. 
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7.2 Conditions of formation of magnetite 
 
Nadoll et al. (2014) and Makvandi et al. (2015) proposed that the most important 
factors controlling the trace element compositions of magnetite derived from lower-
temperature hydrothermal fluids include fO2, fS2, temperature, pressure, cooling rate, silica 
activity, host rock and fluid phase compositions, and the degree of fluid-rock interaction. It 
should be noted that studies of magnetite derived from lower temperature hydrothermal 
fluids that occur in metamorphosed sulfide deposits are few in number (e.g., Singoyi et al., 
2006; Kamvong et al., 2007; Dupuis and Beaudoin, 2011; Makvandi et al., 2013; 2015), and 
the relative importance of these factors is still poorly understood. Based on their studies of 
magnetite in the Izok Lake bimodal-felsic Zn-Pb-Cu-Ag and the Halfmile Lake felsic 
siliclastic Zn-Pb-Cu VMS deposits, which were metamorphosed to the amphibolite and 
greenschist facies, respectively, Makvandi et al. (2015) proposed that the composition of 
metamorphic magnetite was largely dependent on the bedrock composition, the grade of 
metamorphism, and oxygen fugacity.  
 High field strength and other immobile elements (Ti, Al, Zr, Hf, Nb, Ta, Sc) are 
commonly depleted in hydrothermal magnetite, as they are not present in or transported by 
hydrothermal fluid (Dare et al., 2014). At Stollberg, only Al and Zr are depleted, although Ta 
and Nb were not analyzed for in the present study. Silicon and Ca are also occasionally 
enriched in hydrothermal magnetite, although both elements were mostly below detection 
limits in samples from the Stollberg ore field. In contrast, easily transported elements like 
Mg, Mn, and Zn can be enriched, especially compared to igneous magnetite (e.g., Nadoll et 
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al., 2014). Manganese and Zn are enriched in magnetite from Stollberg, whereas Mg is 
generally depleted. Although Ague (1991) was among the first to show that regional 
metamorphism may not be an isochemical process, it is assumed here that metamorphism 
during the growth of magnetite grains is isochemical as is indicated by, for example, the fine 
oscillatory growth pattern for trace elements in zoned magnetite from the Vegas Peledas Fe 
skarn (Dare et al., 2014, Fig. 3, p. 793). 
 The bulk rock compositions of marble and skarns are significantly different from 
those of both least and highly altered rhyolitic ash siltstone in the Stollberg ore field. As a 
means to test the relative importance of the influence that bulk rock composition fluid-rock 
interactions have on the trace element composition of magnetite, the trace element 
compositions of magnetite in skarn, sulfide mineralization, and garnet-biotite rocks are 
compared. The basis for comparison are the spider plots that show normalized magnetite 
composition from different rock types in each deposit (Fig. 9A-F). Overall, the spider 
diagrams for the composition of magnetite in different rock types for each deposit have the 
same general shape, and it could be argued that in spite of differences in host rock 
composition, the trace element patterns are essentially the same. If this interpretation is 
correct, it would support the concept that there was a high water to rock ratio and that the 
interaction of the hydrothermal fluid with the host rock was largely controlling the 
composition of magnetite, assuming that subsequent metamorphism and recrystallization 
were not liberating trace elements to the fluid. However, in detail, the trace element pattern 
for magnetite in sulfide mineralization from the Gränsgruvan and Dammberget deposits 
resembles that for garnet-biotite and quartz-garnet pyroxene rocks in the same deposit, but it 
is generally different from that for magnetite in skarn (Fig. 9A, D). Moreover, the patterns 
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for magnetite in skarn versus magnetite in sulfides can be distinguished at Tvistbo (Fig. 9B) 
and Green Hill (Fig. 9F), thus suggesting that bulk rock composition is also an important 
factor controlling magnetite composition. 
The relationship between magnetite composition and the composition of its host rock 
is further demonstrated in a downhole plot of ten trace elements (Mg, Ti, V, Cr, Co, Zn, Ga, 
Sn, Al, and Mn) for magnetite in six samples (sulfide mineralization, garnet-biotite rock, 
amphibolite) from 832.5 to 925.0 m in drill hole SSF26 from the Dammberget deposit (Fig. 
10) and PCA analyses (Fig. 4). Magnetite in amphibolite has low concentrations of many 
elements, with the exception of V and Cr, which are relatively enriched compared to the 
other rocks in drill hole SSF26. Box and whisker plots show that magnetite in marble at each 
location in the Stollberg area has different trace element signatures (Fig. 11), notwithstanding 
the similar trace element compositions of magnetite in samples of the Staren marbles located 
up to 2 km apart (see also Fig. 4C, Table 4). Magnetite in skarn at Gränsgruvan appears to be 
distinct from magnetite in skarn from other locations along the Stollberg ore trend in that it is 
more enriched in Mg, Ga, Mn, and Ti. Magnetite in skarn from Gränsgruvan and 
Dammberget is also more enriched in Zn relative to magnetite in skarns elsewhere in the 
district. It should be noted here that in the Stollberg ore field, Gränsgruvan is the only deposit 
that does not contain sulfide-bearing skarn. Whether this means that the distinct composition 
of magnetite from Gränsgruvan reflects differences in fO2 and fS2 conditions relative to 
samples of skarns at other locations that are spatially associated with sulfides remains 
uncertain. 
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7.3 Implications for exploration  
  
The trace element composition of magnetite has been used as a pathfinder to ore by 
distinguishing the composition of magnetite in rocks associated with ore zones from those 
not spatially associated with ore (e.g., Dupuis and Beaudoin, 2011; Dare et al., 2014; Nadoll 
et al., 2014; Makvandi et al. 2015). In the Stollberg ore field, magnetite occurs in either 
banded iron formation generally unrelated to sulfides or in altered rocks spatially associated 
with sulfide mineralization. In both settings, the very presence of magnetite is a good 
indication of hydrothermal activity, as magnetite has not been reported in any igneous rocks 
in the Stollberg area except for rare magnetite in amphibolite. On that basis alone, regardless 
of its composition, magnetite should be considered a prospective tool to ore. The current 
study has focused on the carbonate-hosted replacement plus magnetite deposits spatially 
associated with the Stollberg marble and not the banded iron formation found 
stratigraphically below the Staren limestone. To evaluate whether magnetite that occurs in 
alluvial sediments or soils in the Stollberg area is derived from either type of deposit would 
require a detailed study of the composition of magnetite from the banded iron formation, 
which was not a focus of the present study, even though magnetite in two samples of iron 
formation from Green Hill were analyzed. These two samples, 13 and 14B, are from skarn in 
the iron formation and from a small mass of sulfides within the iron formation, respectively. 
Notably, magnetite in skarn from Green Hill contains the lowest Al (67 ppm), and amongst 
the lowest Ti (83 ppm), Cr (6 ppm), Co (0.48 ppm), and Ga (10 ppm) contents of any sample 
in the Stollberg area. However, the sample of magnetite in sulfides has trace element 
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concentrations that cannot be distinguished from sulfide mineralization associated with the 
Stollberg marble. Further trace element studies of magnetite in iron formation need to be 
conducted.  
 Magnetite in sulfide mineralization from Dammberget, Tvistbo, and Green Hill are 
characterized by PCA scores near the center of the score plot with a slight distribution to the 
right (Fig. 4B), and by an overlap in the scatter plots for magnetite in sulfide and garnet 
biotite rock from the Dammberget deposit. In addition, the PCA scores for magnetite in 
sulfides and garnet-biotite rocks from the! Gränsgruvan deposit are essentially identical. 
Although the concentration of individual trace elements for magnetite in sulfides overlap 
with their concentrations in other rock types, magnetite in sulfides is characterized by being 
enriched in Mn, Sb, and Mo relative to most other rocks. Economically important ore 
elements (Zn, Pb, and Cu) are high in some analyses of magnetite in sulfides (the highest for 
Cu and Pb) in this study but they are generally no more enriched than in other rock types. 
The highest individual Zn concentration (up to 3270 ppm) is from magnetite in skarn from 
the Dammberget deposit. The distinctive PCA scores and the elevated contents of some 
elements in magnetite from sulfides may potentially be used as a prospecting tool in the 
Stollberg area.  
 
8. Conclusions 
 
1. Sulfide deposits in the Stollberg ore field are products of hydrothermal-exhalative 
activity and formed as a result of sub-seafloor replacement of carbonate. They have physical 
characteristics that superficially resemble both skarn and metamorphosed VMS deposits. The 
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composition of magnetite when plotted in terms of Ca+Al+Mn vs. Ti+V, Ni/(Cr+Mn) vs. 
Ti+V, and Al/(Zn+Ca) vs. Cu/(Si+Ca) show that it more closely resembles that of magnetite 
associated with skarns elsewhere rather than associated with VMS deposits. Moreover, 
normalized patterns of magnetite composition in spider diagrams, using data from Dare et al. 
(2014), Makvandi et al. (2013), and Zhao and Zhou (2014), indicate that magnetite from 
Stollberg has patterns more similar to magnetite from a Mg skarn and the Vegas Peledas, 
Dongyuan, and Tengtie Fe skarns than the metamorphosed Izok Lake VMS deposit.  
2. Spider diagrams show that magnetite in various rocks associated with the Stollberg 
ore field have similar patterns, supportive of magnetite formation from hydrothermal fluids 
that interacted with their host rocks under conditions of a high water to rock ratio. However, 
principal component analysis of magnetite compositions show that magnetite in these same 
rocks can be distinguished, which reflects the effects of bulk rock composition on the trace 
element composition of magnetite. Plots showing variable concentrations of Mg, Al, Ti, V, 
Cr, Mn, Co, Zn, Ga, and Sn in magnetite from different rocks sampled from drill holes that 
intersect sulfide mineralization further support this contention. The relative importance of the 
effects of bulk rock versus fluid composition on the trace element concentrations of 
magnetite are unknown but both parameters appear to be factors.   
3. The composition of magnetite has been used in the past as an indicator of provenance 
and as an exploration guide to various types of ore deposits. The presence of magnetite in the 
Stollberg ore field is a good indicator of hydrothermal activity. If the composition of 
magnetite is to be used as an exploration guide in the Stollberg ore field, the composition of 
resistate magnetite collected from surficial sediments (e.g., soil or stream samples) and of 
magnetite from iron formation that occurs stratigraphically below the Stollberg ore trend 
! "$*!
must first be determined. Principal component analysis indicates that the composition of 
magnetite from one of these iron formations (Green Hill) can be distinguished from the 
composition of magnetite in the Stollberg ore trend on the basis of Al, Ti, Cr, Co, and Ga 
concentrations. The identification of PCA scores similar to those identified here for 
magnetite in sulfide mineralization and garnet-biotite rock, along with elevated Mn, Sb, Mo, 
Cu, Pb, and Zn, appear to have the greatest promise as indicators to ore if resistate magnetite 
is collected and analyzed. 
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Figure Captions 
 
Fig. 1. Geologic map of the Stollberg area, showing the location of mines, mineral 
occurrences, and drill cores.  1 = Gränsgruvan, 2 = Norrgruvan, 3 = Tvistbo, 4 = 
Lustigkullagruvan, 5 = Cedercreutz, 6 = Baklängan, 7 = Dammberget, 8 = Stollgruvan, 9 = 
Brusgruvan, 10 = Green Hill. Drill cores from which samples were taken are shown. Grid is 
Swedish National Grid RT90, and inset map shows location of Stollberg in Sweden. Key 
provided on following page. Modified after Raat et al. (2013). 
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Fig. 2. Photomicrographs of magnetite in thin section from altered rocks in the Stollberg 
syncline. (A) Magnetite (Mag) with inclusions of pyrrhotite (Po), sphalerite (Sph), and 
chalcopyrite (Ccp) in massive sulfide mineralization (Dammberget, sample SSF26 832.5), 
transmitted light, and (B) reflected light. (C) Magnetite with inclusions of galena (Gal) and 
sphalerite in massive sulfide mineralization, with garnet (Gar) and actinolite (Act) (Green 
Hill, sample 14b), transmitted light, and (D), reflected light. (E) Isolated grains of magnetite 
with inclusions of calcite (Cal) and phlogopite (Phl) in weakly altered skarn (Cedercreutz, 
sample SSF22 844.8), transmitted light, and (F) reflected light. (G) Magnetite (Mag) in 
sericite-garnet-magnetite rock exhibiting alteration to hematite along mineral grain margins 
and fractures (Norrgruvan, sample DBH 82004 147.6 in reflected light. (H) Massive 
magnetite in garnet-biotite rock (Dammberget, sample SSF 30 561.1), reflected light. 
Mineral abbreviations are from Whitney and Evans (2010). 
 
Fig. 3. Principal component analysis for 11 elements (Al, Co, Cr, Ga, Mg, Mn, Ni, Sn, Ti, V, 
and Zn) in magnetite (n = 435) for all rocks studied here from the Stollberg syncline. A. 
Score plot of the first two principal components, with the percentage of variance for each 
component noted in parentheses. B. Loading plot showing the geometric representation of 
how data were projected onto the score plot with respect to each element. C. Loadings of the 
elements in the first two principal components. 
 
Fig. 4. Principal component analysis of magnetite in A. Garnet-biotite rock (n = 107). B. 
Sulfide mineralization (n = 95); C.  Skarn (n = 274) for data shown in Figure 4. 
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Fig. 5. Discrimination diagrams for magnetite from the Stollberg ore field in terms of A. 
Ca+Al+Mn vs Ti+V. B. Ni/(Cr+Mn) vs Ti+V. C. Al/(Zn+Ca) vs Cu/(Si+Ca). Fields for 
various deposit types are derived from Dupuis and Beaudoin (2011). 
 
Fig. 6. Multielement variation diagram of 25 elements for magnetite, comparing 
compositions of magnetite in the Stollberg ore field to high temperature (500-700˚C) 
hydrothermal magnetite (Dare et al., 2014), low temperature (<500˚C) hydrothermal 
magnetite (Dare et al., 2014), the Izok Lake MS (Makvandi et al., 2013), and the Vegas 
Peledas Fe skarn (Dare et al., 2014). Data normalized to bulk upper continental crust 
(Rudnick and Gao, 2003); diagram modified after Dare et al. (2014). 
 
Fig. 7. Elemental concentrations of Mg, Al, Ti, V, Co, Mn, Zn, and Ga, for magnetite in 
sulfide mineralization from the Stollberg ore field relative to the composition of magnetite 
from the Dongyuan and Tengtie Fe skarns, China (Zhao and Zhou, 2014), as well as Ag-Pb-
Zn, porphyry Cu-Mo, Mg-skarn, skarn and Izok Lake volcanogenic massive sulfide deposits 
(Makvandi et al., 2013, Fig. 7). 
 
Fig. 8. Igneous vs. hydrothermal magnetite discrimination diagrams based on concentrations 
of A. Ti vs. Ni/Cr, modified after Dare et al. (2014), and B. Sn vs. Ti, modified after Pisiak et 
al. (2015). 
 
Fig. 9. Multielement variation diagrams of 25 elements for magnetite compositions from A. 
Gränsgruvan; B. Tvistbo and Norrgruvan; C. Cedercreutz and Baklängan; D. Dammberget; 
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E. Staren; and F. Green Hill. Each line represents data from one analysis, and the grey shape 
represents the furthest extent of all data. The red lines are for magnetite in sulfide 
mineralization, green lines for skarn, purple lines for quartz-garnet-pyroxene rocks, light blue 
lines for garnet-biotite rocks, black lines for magnetite-rich conglomerate, yellow lines for 
gedrite-albite rocks, dark blue lines for sericite-garnet-magnetite rocks, and orange lines for 
amphibolite. Data normalized to bulk upper continental crust (Rudnick and Gao, 2003), 
diagram modified after Dare et al. (2014). 
 
Fig. 10. Downhole variation of the mean value of Al, Co, Cr, Ga, Mg, Mn, Sn, Ti, V, and Zn 
in magnetite from various rocks in drill core SSF26. Error bars represent 1 standard deviation 
from the mean. 
 
Fig. 11. Box and whisker plots comparing the concentrations (in ppm) of selected elements 
(Al, Co, Cr, Ga, Mg, Mn, Sn, Ti, V, and Zn) in skarn-hosted magnetite from various 
locations in the Stollberg ore field. Northern Staren refers to drill core SSF16, and Central 
Staren refers to drill core SSF7. The edges of whiskers represent the 5th percentile (bottom) 
and 95th percentile values (top), the edges of the box represent the lower quartile and upper 
quartile (50th percentile), and the solid line across the box represents the median. Outliers are 
shown as disconnected points. 
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Brusgruvan1,2 Zn 3.2 wt%, Pb 15.6 wt%, 
Ag 320 ppm, 
Fe <1.23 wt%, 
Mn <0.10 wt%, 
As 13 ppm
Gal, Sph, Py Qtz, Fl, Mc, Ms, Bt, Grs, 
Czo
Px skarn, Sil 0.17
Stollmalmen1,2 Zn 1-4 wt%, Pb 0.5-1 wt%, 
Ag 10 ppm, 
Fe 20-35 wt%, 
Mn 7 wt%, 
As <2786 ppm
Sph, Gal, Mag, 
Asp, Po, Py
Qtz, Fl, Ms, Cal, Bt, Alm, 
Sps, Ghn, St, Crd, Hd, Ath, 
Tm, Ged, Chl, Mn-ilm, Dsp
Ged-Alb, Bar-Bt, 
Px skarn
0.50-0.89
Dammberget1 Zn 3-5 wt%, Pb 2-5 wt%, 
Ag 20-60 ppm, 
Fe 10 wt% 
Sph, Gal, Mag, 
Asp, Po, Py
Qtz, Fl, Ms, Bt, Cal, Phl, 
Chl, Hbl, Ath, Gru, Alm, 
Sps, Kne, Hd, Mn-ilm, Tlc, 
Ghn
Ged-Alb, Px skarn, 
Gar-Bt
0.38-0.68
Baklängan2,3 Zn 2.6 wt%, Pb 4.8 wt%, 
Ag 43 ppm, 
Fe <26.20 wt%, 
Mn <3.49 wt%, 
As <450 ppm
Mag, Sph, Gal, 
Po, Asp
Qtz, Fl, Ms, Cal, Bt, Alm, 
Sps, Cam, Kne, Hu-group, 
Ghn, Grs, Hd, Pyroxenoid, 
Chl, Mn-ilm, Dsp, Alm
Ged-Alb, Qtz-Bt, 
Gar-Amp-Ghn-Bt, 
Cam-Grt-Ghn-Fl 
skarn, Cam-Cpx 
skarn
0.35
Korrgruvan-
Myggruvan2
Zn 0.5 wt%, 
Pb 0.5 wt%, 
Ag 5 ppm, 
Fe 35 wt%, 
Mn 11 wt%, 
As <158 ppm
Mag, Sph, Gal, 
Po, Asp
Qtz, Fl, Mc, Ms, Cal, Bt, 
Alm, Sps, Cam, Hd, Ath, 
Chl, Mn-ilm
Ged-Alb, skarn 0.5
Data from 1Ripa (1996), 2Jansson et al. (2013), 3Månsson (1979), 4Jansson (2011), 5Boliden Mineral, and 6Kopparberg 
Mineral 2012 Annual Report (http://www.copperstone.se/en/pdf/reports/2012/KMIN_annual-report-2012_ENG.pdf). 
Abbreviations: Au = native Au, Act = actinolite, Alm = almandine garnet, Asp = arsenopyrite, Ath = anthophyllite,
Bt = biotite, Cal = calcite, Cam = clinoamphibole, Chl = chlorite, Cpy = chalcopyrite, Crd = cordierite, Cpx = 
clinopyroxene, Czo = clinozoisite, Dsp = diaspore, Ep = epidote, Fl = fluorite, Gal = galena, Ged = gedrite, Ghn = 
gahnite, Grs = grossular garnet, Gru = grunerite, Hbl = hornblende, Hd = hedenbergite, Hu-group = humite group, 
Kfs = K-feldspar, Kne = knebelite, Lo = löllingite, Mag = magnetite, Mc = microcline, Mn-ilm = Mn ilmenite, 
Mn-gru = Mn grunerite, Ms = muscovite, Phl = phlogopite, Pl = plagioclase, Po = pyrrhotite, Py = pyrite, Ser = 
sericite, Sph = sphalerite, Sps = spessartine garnet, St = staurolite, Tlc = talc, Tm = tremolite, Qtz = quartz. Most 
abbreviations after Whitney and Evans (2010).
Table 1
Geological and mineralogical characteristics of deposits in the Stollberg ore field
Zn/(Zn+Pb)Deposit Grade & tonnage Metallic 
minerals
Ore zone minerals Alteration types
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Lustigkulla-
Marnäs1,2,4
Zn 1 wt%, 
Pb 0.5 wt%, 
Ag <2.8 ppm, 
Fe 30-40 wt%, 
Mn 10-15 wt%, 
As <3484 ppm
Sph, Gal, Mag, 
Asp, Lo, Po, 
Py
Qtz, Fl, Ms, Cal, Bt, Alm, 
Sps, Cam, Mn-gru, Hd, Chl, 
Mn-ilm
Bt-Qtz, Gar-Amph-
Ghn-Bt, Cam-Grt-
Kne-Fl, Cam-Cpx
0.67
Gränsgruvan5 6.65 Mt, Zn 7.7 wt%, 
Pb 2.6 wt%, 
Ag 60 ppm 
Sph, Gal, Cpy, 
Py, Po
Qtz, Bt, Phl, Ms, Ser, Chl, 
Kfs, Mc, Pl, Hbl, Act, Alm, 
Sps, Cal, Cpx, Ep
Crd-Bt, Qtz-Gar-
Px, Ser, Sil, Gar-Bt
0.71
Tvistbo6 575 kton, Zn 3.3 wt%, 
Pb 2.6 wt%, 
Ag 22 ppm
Sph, Gal, Cpy, 
Po, Mag
Qtz, Bt, Phl, Ms, Ser, Chl, 
Kfs, Alm, Cpx, Cal, Ep
Gar-Bt, Px skarn, 
Qtz-Gar-Px, Sil, Ser
0.56
Norrgruvan6 No data Gal, Sph, Py, Po, Cpy, Au
Qtz, Fl, Bt, Ms, Ser, Chl, 
Mc, Pl, Gar, Cam
Px skarn, Qtz-Fl, 
Gar-Bt, Sil
No data
Data from 1Ripa (1996), 2Jansson et al. (2013), 3Månsson (1979), 4Jansson (2011), 5Boliden Mineral, and 6Kopparberg 
Mineral 2012 Annual Report (http://www.copperstone.se/en/pdf/reports/2012/KMIN_annual-report-2012_ENG.pdf). 
Abbreviations: Au = native Au, Act = actinolite, Alm = almandine garnet, Asp = arsenopyrite, Ath = anthophyllite,
Bt = biotite, Cal = calcite, Cam = clinoamphibole, Chl = chlorite, Cpy = chalcopyrite, Crd = cordierite, Cpx = 
clinopyroxene, Czo = clinozoisite, Dsp = diaspore, Ep = epidote, Fl = fluorite, Gal = galena, Ged = gedrite, Ghn = 
gahnite, Grs = grossular garnet, Gru = grunerite, Hbl = hornblende, Hd = hedenbergite, Hu-group = humite group, 
Kfs = K-feldspar, Kne = knebelite, Lo = löllingite, Mag = magnetite, Mc = microcline, Mn-ilm = Mn ilmenite, 
Mn-gru = Mn grunerite, Ms = muscovite, Phl = phlogopite, Pl = plagioclase, Po = pyrrhotite, Py = pyrite, Ser = 
sericite, Sph = sphalerite, Sps = spessartine garnet, St = staurolite, Tlc = talc, Tm = tremolite, Qtz = quartz. Most 
abbreviations after Whitney and Evans (2010).
Metallic 
minerals
Ore zone minerals Alteration types Zn/(Zn+Pb)
Table 1 (Cont.)
Geological and mineralogical characteristics of deposits in the Stollberg ore field
Deposit Grade & tonnage
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Sample Deposit Rock Type Assemblage
GGR 125 476.1 Gränsgruvan Sulfide Mineralization Qtz-Py-Bt-Po-Ms-Kfs-Mag-Chl-Ccp-Sp*
GGR 125 519.0 Gränsgruvan Sulfide Mineralization Qtz-Chl-Bt-Act-Py-Ep-Mag-Mc-Sil*-Ccp*-Po*
GGR 136 180.3 Gränsgruvan Quartz-Garnet-Pyroxene Tm-Gar-Mag-Sph-Chl*
GGR 136 189.6 Gränsgruvan Skarn Cal-Cpx-Gar-Mag-Tm-Ghn*
GGR 142 408.4 Gränsgruvan Garnet-Biotite Qtz-Bt-Gar-Cpx-Mc-Mag-Py*-Po*-Sp*
DBH 82004 147.6 Norrgruvan Sericite-Garnet-Magnetite Ser-Gar-Qtz-Mc-Mag-Hem-Chl*-Act*
DBH 86004 48.9 Norrgruvan Skarn Cal-Tm-Phl-Mag*
DBH 82007 197.1 Tvistbo Skarn Cpx-Gar-Tm-Mag-Chl-Po-Cal-Sp*-Cpy*-Py*
DBH 82007 198.9 Tvistbo Sulfide Mineralization Cpx-Gar-Mag-Sp-Gn-Cal-Phl-Tlc-Ser-Po*-Cpy*-Py*
DBH 82007 201.0 Tvistbo Sulfide Mineralization Gar-Phl-Cal-Mag-Cpx-Tlc-Gal-Ser-Tm*-Sp*
DBH 82007 203.5 Tvistbo Skarn Cpx-Cal-Gar-Mag-Tm-Gn*-Sp*-Po*
SSF 22 844.8 Cedercreutz Skarn Cal-Tm-Mag-Po*-Chl*
SSF 21 416.1 Baklängan Skarn Cal-Gar-Chl-Mag-Tm-Po-Cpy*
SSF 21 519.5 Baklängan Skarn Cal-Tm-Sp-Mag-Po-Cpx-Cpy*
SSF 26 832.5 Dammberget Sulfide Mineralization Has-Mag-Ga-Phl-Po-Cpy*-Sp*-Cal*-Qtz*
SSF 26 841.0 Dammberget Garnet-Biotite Phl-Gar-Mag-Ghn-Po-Cpy*-Qtz*
SSF 26 844.2 Dammberget Sulfide Mineralization Chl-Po-Sp-Ghn-Has-Apy-Mag-Qtz*
SSF 26 854.3 Dammberget Sulfide Mineralization Po-Mag-Gru-Act-Gar-Cpy*-Py*-Qtz*
SSF 26 861.0 Dammberget Amphibolite Act-Po-Mag-Qtz-Cpy*
SSF 26 925.9 Dammberget Garnet-Biotite Gar-Bt-Mag-Qtz-Ser-Chl-Po*-Fl-Cpy*
SSF 28 356.1 Dammberget Gedrite-Albite Qtz-Pl-Ged-Gar-Bt-Mag*-Py*
SSF 28 883.4 Dammberget Skarn Cal-Cpx-Tm-Sph-Mag-Gal
SSF 28 889.8 Dammberget Skarn Cal-Cpx-Tm-Mag
SSF 30 553.8 Dammberget Gedrite-Albite Qtz-Ged-Gar-Chl-Mag-Py-Po-Cpy*-Sp*
SSF 30 556.0 Dammberget Garnet-Biotite Qtz-Mag-Gar-Bt-Ged-Chl*-Cpy*-Po*
SSF 30 556.6 Dammberget Garnet-Biotite Qtz-Mag-Bt-Gar-Po-Chl-Cpy*
SSF 30 561.1 Dammberget Garnet-Biotite Mag-Bt-Qtz-Gar-Ath-Chl-Py*-Cpy*
SSF 30 562.2 Dammberget Garnet-Biotite Qtz-Bt-Mag-Ser-Gar-Py
SSF 30 564.3 Dammberget Garnet-Biotite Qtz-Mag-Has-Ser-Phl-Py*-Po*
SSF 15 354.6 Staren Magnetite-Rich Conglomerate Qtz-Mc-Mag-Bt-Chl
SSF 16 137.7 Staren Skarn Cal-Chl-Mag*-Cpy*
SSF 16 195.9 Staren Skarn Cal-Tm-Mag*-Ser*-Cpy*
SSF 7 386.8 Staren Skarn Cal-Act-Mag-Po*-Cpy*
SSF 7 47.0 Staren Skarn Cal-Tm-Mag-Po*-Cpy*
SSF 7 85.8 Staren Skarn Cal-Mag-Act-Cpy*-Cpx*
13 Green Hill BIF Skarn Cal-Tm-Po-Mag*-Cpx*
14b Green Hill BIF Sulfide Mineralization Act-Gar-Cpx-Mag-Gal-Sp-Py*-Po*-Chl*
Notes: Minerals are listed in approximate order of abundance; * indicates less than 1% present; most mineral 
abbreviations from Whitney and Evans (2010); has = hastingsite.
Magnetite-Bearing Assemblages analyzed by LA-ICP-MS
Table 2
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Element Detection limits Element Detection limits
30 m 65 m 135 m 30 m 65 m 135 m
Li 15.8932 3.8088 0.6663 Ag 3.2604 0.4793 0.1050
Na 43.8427 8.8300 1.7593 Cd 16.6640 4.4629 0.8183
Mg 18.6357 3.1000 0.5872 Sn 3.9515 0.4781 0.1341
Al 59.1659 9.5270 2.4543 Sb 2.7770 0.4517 0.0941
Si 5653.5925 1059.2550 125.0242 Ba 2.5390 0.4409 0.0998
P 814.4767 102.3896 24.8321 La 0.3010 0.0518 0.0167
K 1242.6479 97.5615 14.9265 Ce 0.2649 0.0524 0.0115
Ca 1370.1578 295.1609 72.6171 Pr 0.1696 0.0458 0.0109
Sc 7.9230 1.4408 0.4064 Nd 1.7058 0.2464 0.0667
Ti 47.2645 8.5101 2.1121 Sm 1.3298 0.3497 0.0813
V 5.2970 0.9746 0.2311 Eu 0.5584 0.0739 0.0221
Cr 25.9369 4.5455 0.8450 Gd 1.4585 0.3187 0.0899
Mn 6.4506 1.8106 0.2957 Tb 0.4160 0.0561 0.0171
Fe 142.8561 63.5077 6.4966 Dy 1.8013 0.2886 0.0872
Co 3.1137 0.4254 0.0941 Ho 0.3358 0.0509 0.0167
Ni 20.5290 2.1281 0.4193 Er 0.9871 0.1605 0.0448
Cu 7.2535 1.1544 0.2216 Tm 0.3894 0.0481 0.0146
Zn 130.4768 17.7278 3.2408 Yb 2.8817 0.3300 0.0930
Ga 3.9966 0.7578 0.1584 Lu 0.2823 0.0548 0.0143
Ge 10.1788 1.2041 0.2737 Hf 0.9636 0.1756 0.0576
As 9.2916 1.9782 0.4288 W 1.2339 0.2686 0.0568
Rb 1.4165 0.1979 0.0402 Pb 0.7971 0.1487 0.0327
Sr 0.8510 0.0968 0.0259 Bi 0.3055 0.0645 0.0130
Y 0.8593 0.1137 0.0437 Th 0.2866 0.0556 0.0154
Zr 1.2660 0.2527 0.0567 U 0.4885 0.0589 0.0142
Mo 3.0147 0.4644 0.1311
Detection limits (ppm) of LA-ICP-MS analyses
Table 3
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Sample Deposit Rock Type n Mg Al Ti V Cr Mn Co Zn Ga Sn Ni Ge
GGR 125 476.1 Gränsgruvan Sulfide Mineralization 7 79 1159 91 6 17 684 0.95 199 27 1 7 5
GGR 125 519.0 Gränsgruvan Sulfide Mineralization 16 149 490 214 7 10 930 1.01 160 33 1 5 3
GGR 136 180.3 Gränsgruvan Quartz-Garnet-Pyroxene 6 310 1557 9337 24 9 6680 6.76 3368 68 14 6 4
GGR 136 189.6 Gränsgruvan Skarn 12 991 4546 5943 35 5 9914 3.99 1936 139 19 4 1
GGR 142 408.4 Gränsgruvan Garnet-Biotite 14 40 613 45 3 8 879 0.59 80 19 1 4 3
DBH 82004 147.6 Norrgruvan Sericite-Garnet-Magnetite 16 14 1623 637 242 10 556 6.58 733 175 6 8 3
DBH 86004 48.9 Norrgruvan Skarn 18 80 274 429 52 7 1631 2.03 132 19 4 51 2
DBH 82007 197.1 Tvistbo Skarn 13 75 620 2503 5 9 4252 1.28 258 77 53 6 3
DBH 82007 198.9 Tvistbo Sulfide Mineralization 12 354 3240 1557 2 2 10269 0.39 359 54 22 3 2
DBH 82007 201.0 Tvistbo Sulfide Mineralization 19 302 1176 2839 4 13 8304 1.46 437 38 31 5 4
DBH 82007 203.5 Tvistbo Skarn 9 242 963 4137 20 15 9892 1.96 1093 38 21 9 5
SSF 22 844.8 Cedercreutz Skarn 9 176 1231 1651 289 16 2876 2.78 222 34 57 7 6
SSF 21 416.1 Baklängan Skarn 13 309 6305 2620 152 14 851 1.00 92 75 25 6 6
SSF 21 519.5 Baklängan Skarn 12 679 978 1347 97 12 5040 0.67 529 30 37 2 4
SSF 26 832.5 Dammberget Sulfide Mineralization 11 237 2857 1524 14 3 1317 0.21 339 39 58 3 4
SSF 26 841.0 Dammberget Garnet-Biotite 11 44 3282 2444 37 10 153 0.67 1040 134 73 5 4
SSF 26 844.2 Dammberget Sulfide Mineralization 10 131 3734 2564 89 3 255 0.60 1027 185 62 1 6
SSF 26 854.3 Dammberget Sulfide Mineralization 12 37 2112 1143 25 4 183 0.94 253 26 54 6 12
SSF 26 861.0 Dammberget Amphibolite 12 30 1085 838 56 22 422 1.01 441 53 20 3 19
SSF 26 925.9 Dammberget Garnet-Biotite 13 48 3621 1708 21 3 57 1.73 484 561 22 1 2
SSF 28 356.1 Dammberget Gedrite-Albite 12 30 4263 2090 100 18 105 11.45 159 372 16 4 5
SSF 28 883.4 Dammberget Skarn 1 794 2696 4286 241 - 7301 0.74 2195 225 96 6
SSF 28 889.8 Dammberget Skarn 12 549 1513 286 50 11 6132 0.65 3270 21 89 2 3
SSF 30 553.8 Dammberget Gedrite-Albite 13 83 3860 1308 9 8 174 0.96 129 51 36 3 5
SSF 30 556.0 Dammberget Garnet-Biotite 15 60 3158 1081 8 8 443 0.82 139 23 25 7 6
SSF 30 556.6 Dammberget Garnet-Biotite 15 88 2910 743 29 16 457 1.17 215 28 34 5 4
SSF 30 561.1 Dammberget Garnet-Biotite 12 157 2635 268 13 3 678 1.41 116 23 3 2 2
SSF 30 562.2 Dammberget Garnet-Biotite 14 57 1858 829 27 9 457 1.39 240 48 2 5 5
SSF 30 564.3 Dammberget Garnet-Biotite 17 45 2500 594 25 15 706 1.67 189 19 9 4 5
SSF 15 354.6 Staren Magnetite-Rich Conglomerate 9 29 130 77 1550 66 406 28.40 38 6 2 17 3
SSF 16 137.7 Staren Skarn 12 56 772 498 156 10 1336 4.07 234 5 2 9 2
SSF 16 195.9 Staren Skarn 11 123 514 254 290 26 410 15.43 337 25 1 15 3
SSF 7 386.8 Staren Skarn 11 220 445 194 20 13 400 5.87 62 23 12 7 4
SSF 7 47.0 Staren Skarn 15 254 653 609 139 11 612 4.09 213 28 1 4 3
SSF 7 85.8 Staren Skarn 12 121 2739 329 14 9 404 5.20 50 22 5 6 2
13 Green Hill BIF Skarn 7 436 67 83 160 6 3686 0.48 825 10 74 4 3
14b Green Hill BIF Sulfide Mineralization 12 160 1843 2368 25 3 2560 0.46 602 36 86 1 6
Median trace element concentrations of magnetite from the Stollberg ore field
     Notes: All values in ppm, n = number of analyses.
Table 4
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CHAPTER 4. GENERAL CONCLUSIONS 
 
General Discussion 
1. Semi-massive to massive sulfide deposits on the eastern side of the Stollberg syncline 
occur mainly in marble/skarn that are locally related to massive to semi-massive Mn-
bearing iron formation. The porphyroblastic garnet-amphibole-
biotite±gahnite±cordierite±andalusite±sillimanite±staurolite rock that hosts sulfide 
mineralization is metamorphosed K-Fe-Mg altered rhyolitic ash-siltstone with an 
exhalative component derived from Fe-Mn rocks, whereas an extensive zone of gedrite-
albite rock in the footwall of the deposits on the eastern limb of the Stollberg syncline is 
chlorite-albite altered rhyolite. The Gränsgruvan deposit, on the west side of the Stollberg 
syncline, differs from the deposits on the eastern limb in that sulfide mineralization is 
hosted by metamorphosed silicified and sericitized rocks, and by the presence of 
extensive zones of quartz-garnet-pyroxene and cordierite-biotite rocks stratigraphically 
above sulfide mineralization. In addition, marble/skarn hosted ore is absent and the pyrite 
to pyrrhotite and the Zn/(Zn+Pb) ratios of sulfides are higher at Gränsgruvan 
(Zn/(Zn+Pb) = ~0.71 but locally as high as 0.89) when compared to deposits on the 
eastern side of the syncline  (Zn/(Zn+Pb) = 0.17 to 0.67). Moreover, there is also a 
paucity of magnetite at Gränsgruvan compared to deposits on the eastern side of the 
Stollberg syncline. The Tvistbo and Norrgruvan deposits share some mineralogical 
characteristics with deposits on both limbs of the syncline. Sulfides at Tvistbo are hosted 
by altered rocks that resemble skarn, silicified, and quartz-garnet-pyroxene rocks at 
Gränsgruvan. Most altered rocks at Tvistbo are more enriched in Mn relative to other 
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deposits in the Stollberg ore trend. By contrast, sulfides at Norrgruvan are hosted by 
quartz-fluorite rock, which resemble the host of the Brusgruvan deposit on the eastern 
limb of the Stollberg syncline. 
 
2. Of the three alteration indices evaluated here (AI, MAI, and CCPI), the modified 
alteration index most clearly defines the ore zone at Gränsgruvan (MAI > ~94) and 
distinguishes the potassic alteration (MAI < 25) from sodic alteration (MAI < 90) at 
Dammberget. The MAI is the best alteration index to evaluate the intensity and type of 
alteration for skarn-related sulfide deposits in the Stollberg district, and elsewhere in the 
Bergslagen district. 
 
3. Garnet in altered and metamorphosed rhyolitic ash-siltstone and altered rocks associated 
with the Dammberget deposit is enriched in the almandine component, whereas that in 
sulfide mineralization, skarn, and quartz-garnet-pyroxene, sericitized, and silicified rocks 
associated with the Gränsgruvan deposit is enriched in the spessartine and grossular end 
members. Garnet occurring in situ or as resistate grains in surficial sediments that is 
enriched in the grossular or spessartine components in the Stollberg area is considered to 
be the best pathfinder mineral to sulfides. The major element composition of biotite, 
amphibole, and pyroxene appear to be less useful indicators to sulfides. 
 
4. The concentration of several elements are elevated in the ore zone (and associated altered 
rocks) and can be used as vectors to ore: Pb (Gränsgruvan > 100 ppm, Dammberget > 30 
ppm), Sb (> 0.1 ppm at Gränsgruvan and Dammberget), Tl (Dammberget > 0.4 ppm), 
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K2O (Dammberget > 5 wt %), Ba/Sr (Dammberget > 50 ppm), Ba (Dammberget > 50 
ppm), and As (Gränsgruvan > 30 ppm, Dammberget > 20 ppm). In addition, Eu/Eu* 
calculated using the arithmetic mean is > 1 near sulfides, and < 1 with increasing distance 
from ore at Gränsgruvan, Dammberget, and Tvistbo. 
 
5. The Stollberg and Garpenberg base metal deposits both occur in regional F2 synclines 
where sulfides are predominantly associated with hydrothermally altered and 
metamorphosed felsic volcaniclastic rocks and limestone. Mg-rich skarns and Mg-rich 
alteration are characteristic of the Garpenberg district, along with enrichment of SiO2 and 
K, and in places, Mn and F. Based on the presence of stringer-style mineralization at 
Gränsgruvan that is spatially associated with sericitized and silicified rocks, and the high 
pyrite to pyrrhotite ratio of the ore relative to other base metal occurrences at Stollberg, 
Gränsgruvan shows a closer resemblance to ore in the Garpenberg district. The 
mineralogically distinctive and spatially prominent gedrite-albite rocks on the eastern 
limb of the Stollberg syncline has yet to be observed in the Garpenberg district. 
Excluding the enrichment of Mn in iron formation in the Stollberg district, high Mn 
contents of sulfide-related mineralization is only observed in the Tvistbo prospect at 
Stollberg. Similarly, fluorite is relatively common in ores in the Garpenberg district, but 
is only common in the Norrgruvan and Brusgruvan deposits in the Stollberg ore field. 
One other significant difference between sulfide mineralization in the Stollberg and 
Garpenberg districts is that Ag concentrations are higher in the latter. 
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6. Sulfide deposits in the Stollberg ore field are products of hydrothermal-exhalative 
activity and formed as a result of sub-seafloor replacement of carbonate. They have 
physical characteristics that superficially resemble both skarn and metamorphosed VMS 
deposits. The composition of magnetite when plotted in terms of Ca+Al+Mn vs. Ti+V, 
Ni/(Cr+Mn) vs. Ti+V, and Al/(Zn+Ca) vs. Cu/(Si+Ca) show that it more closely 
resembles that of magnetite associated with skarns elsewhere rather than associated with 
VMS deposits. Moreover, normalized patterns of magnetite composition in spider 
diagrams, using data from Dare et al. (2014), Makvandi et al. (2013), and Zhao and Zhou 
(2014), indicate that magnetite from Stollberg has patterns more similar to magnetite 
from a Mg skarn and the Vegas Peledas, Dongyuan, and Tengtie Fe skarns than the 
metamorphosed Izok Lake VMS deposit.  
 
 
7. Spider diagrams show that magnetite in various rocks associated with the Stollberg ore 
field have similar patterns, supportive of magnetite formation from hydrothermal fluids 
that interacted with their host rocks under conditions of a high water to rock ratio. 
However, principal component analysis of magnetite compositions show that magnetite 
in these same rocks can be distinguished, which reflects the effects of bulk rock 
composition on the trace element composition of magnetite. Plots showing variable 
concentrations of Mg, Al, Ti, V, Cr, Mn, Co, Zn, Ga, and Sn in magnetite from different 
rocks sampled from drill holes that intersect sulfide mineralization further support this 
contention. The relative importance of the effects of bulk rock versus fluid composition 
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on the trace element concentrations of magnetite are unknown but both parameters appear 
to be factors.   
 
8. The composition of magnetite has been used in the past as an indicator of provenance and 
as an exploration guide to various types of ore deposits. The presence of magnetite in the 
Stollberg ore field is a good indicator of hydrothermal activity. If the composition of 
magnetite is to be used as an exploration guide in the Stollberg ore field, the composition 
of resistate magnetite collected from surficial sediments (e.g., soil or stream samples) and 
of magnetite from iron formation that occurs stratigraphically below the Stollberg ore 
trend must first be determined. Principal component analysis indicates that the 
composition of magnetite from one of these iron formations (Green Hill) can be 
distinguished from the composition of magnetite in the Stollberg ore trend on the basis of 
Al, Ti, Cr, Co, and Ga concentrations. The identification of PCA scores similar to those 
identified here for magnetite in sulfide mineralization and garnet-biotite rock, along with 
elevated Mn, Sb, Mo, Cu, Pb, and Zn, appear to have the greatest promise as indicators to 
ore if resistate magnetite is collected and analyzed. 
 
